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Heliophysics is a science that studies the 

linked phenomena in the region of space 

infl uenced by the Sun. It seeks to understand 

the infl uence of the Sun throughout the solar 

system and, in particular its connection to the 

Earth and the Earth’s extended space environ-

ment. Key in this endeavor is the study of the 

fourth state of matter: plasma. A plasma is a 

conducting body of electrically charged elec-

trons and ions. In space, plasmas are controlled 

by the gravitational and magnetic fi elds of the 

Sun and the bodies within the solar system. 

Plasma processes are expressed in the Sun, 

the Sun’s atmosphere, interplanetary and inter-

stellar space, and in planetary magnetospheres 

and ionospheres. The aurora is a widely known, 

visible manifestation of plasma processes at 

Earth. Ultimately, the habitability of the Earth 

is governed by the sum total of such gravita-

tional and magnetically controlled events in the 

evolution of the solar system.
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The drive to understand the world around us is a basic part of our humanity. 

Research in fundamental science provides the ideas and discoveries that form 

the long-term foundation for science and technology as a whole, which in turn 

drive the global economy and our very way of life. In 2005, a panel of nationally 

recognized experts from across the spectrum of science and society, chaired 

by Norman Augustine, retired chairman and chief executive offi cer, Lockheed 

Martin Corporation, produced “Rising Above the Gathering Storm: Energizing and 

Employing America for a Brighter Economic Future.” To quote from the report:

“ The growth of economies throughout the world has been driven 

largely by the pursuit of scientifi c understanding, the application 

of engineering solutions, and the continual technological 

innovation. Today, much of everyday life in the United States 

and other industrialized nations, as evidenced in transportation, 

communication, agriculture, education, health, defense, and jobs, 

is the product of investments in research and in the education 

of scientists and engineers...”
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Executive Summary
Solar and Space Physics in a New Era

Our planet is immersed in a seemingly invisible yet exotic and inherently 
dangerous environment. Above the protective cocoon of Earth’s lower atmosphere 
exists a highly variable mix of electrifi ed and magnetized matter intertwined with 
penetrating energetic radiation and extremely fast atomic-sized particles. Th is 
environment is created by the interaction of the Earth’s magnetic fi eld with the 
outer atmosphere of our star, the Sun. Th e Sun’s output of energy varies on time 
scales from seconds to years and forms its own complex magnetic fi eld structure 
that stretches throughout the solar system. It controls the entry of cosmic rays into 
the solar system and drives some of the largest changes in the environment aff ecting 
our atmosphere, ionosphere, and potentially our climate. Th is extended atmosphere 
of the Sun reaches far beyond the orbit of Pluto and aff ects all planetary bodies in 
the solar system. It moves through our Milky Way galaxy where it is infl uenced by 
slowly changing interstellar conditions that in turn could have consequences for 
habitability on Earth. Th is immense volume is our cosmic neighborhood; it is the 
domain of the science called Heliophysics. 

Heliophysics is the science that includes all aspects of the research needed to 
understand the Sun and its eff ects on the Earth and the solar system. Because the 
phenomena and connections between these systems cannot yet be fully explained or 
adequately predicted, a robust program of discovery and integration of knowledge 
across the domain is addressed here. Th e ultimate goal of our eff ort is to study the 
Sun, the Heliosphere, and planetary environments as elements of a single intercon-
nected system, one that contains dynamic space weather and evolves in response to 
solar, planetary, and interstellar conditions.

Th is document represents an input of the U.S. Heliophysics science commu-
nity into the NASA Science Directorate strategic planning process for the period 
2009–2030. Th e Roadmap Team was charged by NASA Headquarters to craft a 
sustainable science program that would be achievable within the resources provided 
to NASA for this purpose. We hope you fi nd this to be a useful and fl exible strategic 
plan capable of guiding the implementation of this science discipline so vital to our 
Nation’s space program.

Flexibility was a guiding principal as the Roadmap Team developed the Road-
map. We wanted a plan that would enable fi rst-rate science, including fl exibility 
that provides for new discoveries and partnership opportunities; a plan with built-in 
resilience against uncertainties brought about by changes in the available funding 
and implementation cost, and limits in launcher availability. A primary consider-
ation was to maintain a healthy launch cadence so as to scientifi cally address the 
end-to-end system. 

Th is roadmap articulates a paradigm change by presenting a prioritized science 
queue with a recommendation to defer specifi c mission implementation approaches 
until the time of mission formulation. Th e science queue was constructed to be 
consistent with the current (FY 2009) budget profi le. By presenting a science queue 
rather than a mission queue, and deferring defi nition of detailed mission archi-

Image Caption:

In this image provided by NASA a STS-123 

Endeavour crewmember captured the glow-

ing green beauty of the Aurora Borealis while 

docked and onboard the International Space 

Station. Looking northward across the Gulf of 

Alaska, over a low pressure area (cloud vortex), 

the aurora brightens the night sky. This image 

was taken on March 21, 2008 at 9:08:46 (GMT) 

5:08:46 EDT with a 28 mm lens from the nadir 

point of 47.9 degrees north latitude and 146.8 

degreees west longitude. (AP Photo/NASA)
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tectures until formulation, the roadmap emerges as a true strategic plan. Specifi c 
mission architectures are the implementation tactics to be determined within the 
context of constraints at hand. 

A plan emerges with the best potential to achieve the vision for Heliophysics set 
forth in the 2003 National Research Council (NRC) Decacal Survey. Th is Roadmap 
also highlights the roles and interdependence of the several Heliophysics program 
elements—the funded mission lines—including how they should be utilized to 
achieve a unifi ed understanding of the interconnected phenomena that characterize 
our cosmic neighborhood.

Th e team determined that signifi cant progress requires understanding of both 
the laws of basic space plasma physics and the way in which these basic laws are cou-
pled over a vast variety of temporal and spatial scales. Developing a detailed under-
standing of these systems is the primary challenge for solar and space physics for the 
new era ahead. Th e team also determined that it is time for a strategic commitment 
to systems science, which is an approach to understanding the natural and physi-
cal world with a recognition as to how individual phenomena are interconnected. 
System science recognizes that it is virtually impossible to understand complex 
phenomena without understanding how it aff ects and is aff ected by internal and 
external processes. System science demands a deep understanding of fundamental 
processes, and at the same time, development of concepts that integrate knowledge 
across disciplinary boundaries. 

Th ese basic truths motivate and distinguish our program elements and specifi -
cally our mission lines. Th e Solar Terrestrial Probes (STPs) strategic mission line 
addresses the fundamental processes behind the basic laws of space plasma physics 
and the Living With a Star (LWS) line is dedicated to studying the system science 
most relevant to life and society.

In concert with the other NASA science divisions (Planetary Science, Astro-
physics, and Earth Science), we share the responsibility for the scientifi c exploration 
and understanding of the Earth, our solar system, the universe, and their interrela-
tionships. Heliophysics brings to the table the ability to directly sample the local 
cosmic environment, which is not unlike that of many stellar systems in the uni-
verse. Th is is our only hands-on astrophysical laboratory. Here, we obtain knowledge 
about phenomenon that shapes a solar system and that has the potential to lead 
to the habitability of a planet. On Earth, we enjoy a beautiful and mild climate 
as contrasted to the desolation of Mars or the fi ery-furnace climate of Venus. Th e 
U.S. scientifi c community has committed to a long-term, sustained eff ort toward 
understanding these complex and perplexing scientifi c problems. We can imagine a 
future in which we have an understanding exemplifi ed by predictive models of the 
Sun-Earth-planet system and consistent with all areas of space science.

Th e realization of these goals will be accomplished by studying the Heliospheric 
system, one that contains dynamic space weather and evolves in response to solar, 
planetary, and interstellar conditions. Focused research programs addressing specifi c 
space environmental hazards will help guide the design and operation of safe and 
productive missions. Concurrently, we will pursue a deeper understanding of the 
fundamental physical processes that underlie the awe-inspiring phenomena of space.
Such an understanding is not only one of the more important intellectual accom-
plishments for our times, but it also provides knowledge and predictive capabilities 
essential to future human and robotic exploration of space to fulfi ll our destiny 
to reach beyond the confi nes of our planet and navigate the ocean of space.

Forward progress hinges on the acquisition of new observations and thus new 
space missions. Within the Heliophysics Division, several important missions are 
under development with launches planned in the near future. Th is roadmap strongly 
endorses the acquisition and launch of these missions. Th e fi rst, the Solar Dynamics 
Observatory, is scheduled for launch this year to understand the fundamental nature 
of the solar dynamo and how it produces the solar cycle. Th e Radiation Belt Storm 
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Probes will explore the processes that control the acceleration of space plasma to 
hazardous levels. Magnetospheric Multiscale will seek to understand the fundamen-
tal process of magnetic reconnection, which taps the energy stored in a magnetic 
fi eld and converts it to heat and kinetic energy. Th ese missions will be followed 
by Solar Probe + that will orbit closer to the Sun than any previous spacecraft to 
discover why the solar corona is so much hotter than the photosphere and how the 
solar wind is accelerated. Th e Solar Orbiter collaborative mission with ESA will 
explore the magnetic structure of the Sun-Heliosphere system.

A set of six new and exciting science targets are recommended. Th ese targets 
will become the basis for critical, cost-constrained missions as new additions to the 
Heliophysics System Observatory (HSO) constellation. Th ey will address the most 
urgent and compelling science issues across the fi eld. 

Th ree of the targets address fundamental processes and were assigned to the 
Solar Terrestrial Probe mission line; the others address signifi cant interconnection 
science issues and were assigned to the Living With a Star mission line. All are to be 
scoped to fi t within the NASA small or medium cost category. Th e cost of individual 
missions is to be constrained to these categories—as defi ned by NASA NPR7120—
so as to meet the launch cadence recommendation. Th is compromise on individual 
mission scope is intended to enable a deployment of assets frequently enough to 
address the entire range of most urgent scientifi c problems and advance the system 
level understanding of Heliophysics.

Th e highest priority targets and the principal science questions to be addressed 
are as follows:

Solar Terrestrial Probes Science Queue
•  Origins of Near Earth Plasma (ONEP): Understand the origin and 

transport of terrestrial plasma from its source to the magnetosphere 
and solar wind. 

•  Solar Energetic Particle Acceleration and Transport (SEPAT): Under-
stand how and where solar eruptions accelerate energetic particles that 
reach the Earth. 

•  Ion-Neutral Coupling in the Atmosphere (INCA): Understand how 
neutral winds control ionospheric variability.

Living With a Star Science Queue
•  Climate Impacts of Space Radiation (CISR): Understand our atmosphere’s 

response to auroral, radiation belt, and solar energetic particles, and the 
associated eff ects on ozone. 

•  Dynamic Geospace Coupling (DGC): Understand how magnetospheric 
dynamics provides energy into the coupled ionosphere-magnetosphere system. 

•  Heliospheric Magnetics (HMag): Understand the fl ow and dynamics of 
transient magnetic structures from the solar interior to Earth. 

Th is implementation strategy assumes the continued support of the existing 
space assets of the HSO and the availability of timely Explorer Program missions. 
In addition, to realize the full potential of the space assets, the strategy must be 
undergirded by a robust foundation of supporting research, data analysis, modeling 
and theory, and technology development. Th e product of the combined eff ort will 
be new knowledge and an understanding of the realm of Heliophysics that brings 
economic and intellectual benefi ts to our Nation.

 Additionally, the multidisciplinary nature of the science demands fl ights across 
a broad range of targets, which in turn requires a timely launch frequency. Our 
strategy calls for a launch cadence of two to three per decade in each of the STP and 
LWS mission lines to advance a system level understanding of Heliophysics. Th e cost 
growth in individual missions must be contained to meet these launch cadence 
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requirements. Th e Roadmap Team has prioritized the science queue based on a cost 
box and we do not recommend meeting the science of these targets at any cost. 
Th e need for setting achievable project requirements for future missions, managing 
eff ectively and containing cost growth are critical to success.

Summary of Recommendations

•  Th is roadmap recommends implementation of a science target queue to 
address the most urgent Heliophysics science problems facing the Nation.

•  Th is roadmap recommends that peer review competition be used to scope 
the implementation of strategic missions to best address the recommended 
science goals within the resources available.

•  Th is roadmap recommends that the time span between mission defi nition 
and procurement be minimized. Procure what is planned and implement 
what is procured.

•  Th is roadmap recommends that policies and procedures be implemented 
to minimize and control implementation costs during all phases of mission 
formulation and development. Avoid a “mission regardless of cost” mentality.

•  Th is roadmap recommends that NASA strive to meet a launch frequency 
that allows the entire range of most urgent scientifi c problems to be addressed 
and advances a system level understanding of Heliophysics.

•  Th is roadmap recommends that policies and procedures which facilitate 
and promote research activities to gain understanding of the system be 
implemented. 

•  Th is roadmap encourages continuation of the existing NASA eff orts that tran-
sition new scientifi c knowledge in Heliophysics to operational use by other 
agencies and institutions.

•  Th is roadmap recommends that existing NASA Research and Analysis (R&A) 
programs be utilized to support the technology development projects needed 
to implement the new science targets.

Heliophysics has an operating fl eet of spacecraft observing the phenomena of 
interplanetary space, a set of highly functional missions in development positioned 
to provide vital new insights, and a fresh strategy for exciting new discoveries in 
space physics. Our work of the past decade has answered important questions about 
the physics of the Sun, the interplanetary medium, and the space environments 
of Earth and other solar system bodies. Our research has also highlighted areas of 
uncertainty where understanding is seriously lacking.

We have formulated a plan intended to address the most pressing of the open 
science issues, with suffi  cient fl exibility to execute the plan within NASA resources. 
Th e science targets will take us on a journey deep into the physics of magnetized 
plasma transport and energization across the vastness of space from the Sun to our 
own magnetosphere and ionosphere, and then to the further reaches of the solar 
system. Th roughout, we will confront the fundamental processes upon which the 
behavior of the whole is built. We will expand our vision of the connection between 
what happens in space and how our home in space is aff ected. Another set of targets 
will expand our vision of the connections between what happens in space and how 
it aff ects our home in space. Th e variability of the Sun’s output of energy has direct 
consequences on Earth. It certainly has an impact on the space environment. It may 
even have an impact on our climate. 

We are optimistic that the new targets recommended with this strategic plan 
will advance science in a manner benefi cial to our Nation. We hope you will join us 
as we move forward toward a comprehensive description and understanding of the 
Heliophysics domain.
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Science queue for Heliophysics mission lines 2009–2030. Missions awaiting launch and those in formula-

tion/development are shown with current mission names. New strategic science targets are identifi ed by 

their science objective and centered on anticipated launch dates. Explorer launches are indicated; specifi c 

science content will be competed. Potential partnership and leveraged missions are also indicated. Within 

currently known implementation assumptions and constraints, this queue is achievable within the President’s 

FY 2009 budget. 
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Interstellar Probe
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Light: <$250M
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Large: $750M–$1B

Cost Definitions for Missions:

Per NPR 7120.5 D

Color indicates NASA contribution
not reflected in roadmap budgeting—
would require additional resources

Potential International Partnerships

JUNO

Mars Atmosphere and 
Volatile EvolutioN (MAVEN)

Mars Science Laboratory 
(MSL)

Lunar Reconnaissance 
Orbiter (LRO)

Lunar Atmosphere and 
Dust Environment Explorer 
(LADEE)

Intra-NASA Partnerships

No contribution of funds anticipated
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Solar Terrestrial Probes Science Queue

Origin of Near- 
Earth Plasma: 
Understand the origin 
and transport of 
terrestrial plasma 
from the ionosphere 
to the magnetosphere 
and solar wind

Solar Energetic 
Particle Acceleration 
and Transport: 
Understand how and 
where solar eruptions 
accelerate energetic 
particles that reach 
the Earth

Ion-Neutral 
Coupling in the 
Atmosphere: 
Understand how 
neutral winds 
tropospheric 
conditions affect 
ionospheric variability

Living With a Star Science Queue
Climate Impacts of 
Space Radiation: 
Understand our 
atmosphere’s climatic 
response to auroral, 
radiation belt, and 
solar energetic 
particles

Dynamic Geo-
space Coupling: 
Understand the 
energy, mass, and 
momentum transfer 
within the coupled 
ionosphere-
magnetosphere 
system

Heliospheric 
Magnetics:
Understand the flow 
and dynamics of 
transient magnetic 
structures from the 
solar interior to Earth

STP #5

ONEP

LWS #7

CISR

LWS #8

DGC

STP #4
MMS

LWS #1
SDO

IBEX

LWS #3
RBSP

STP #6

SEPAT

STP #7

INCA

LWS #6
Solar

Probe+

LWS #5
Solar

Orbiter

LWS #9

HMag

SMEX
#12

SMEX
#13

Timeline for Future Explorers Still to be Determined

Recommended Science Queue
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Chapter I
HELIOPHYSICS: THE SCIENCE

Th e science of Heliophysics seeks understanding of the interaction of the large 

complex, coupled system comprising the Sun, Earth, and Moon, other planetary 

bodies, the vast space within the solar system, and the interface to interstellar space. 

Heliophysics is a bold enterprise of space exploration that seeks to understand the 

connections that govern the solar system and the implications for our home in 

space, to predict the hazards of exploration, and to understand the impact of the 

space environment for the habitability of other worlds.

NASA has charged the Heliophysics Division to “develop an understanding of 

the Sun and its Eff ects on Earth and the Solar System.” Working from this directive, 

the formulation of a strategy for Heliophysics research begins with a clear exposition 

of the scientifi c goals that fl ow from this and other NASA and national high-level 

goals. In Chapter 1, we address the science in three broad and interconnected scien-

tifi c and exploration objectives:

• Open the Frontier to Space Environmental Prediction.

• Understand the Nature of Our Home in Space.

• Safeguard the Journey of Exploration.

Each objective is comprised of Research Focus Areas (RFA) from which Priority 

Investigations are derived. Th e RFAs are mapped to the Challenges articulated in the 

NRC 2003 Heliophysics Decadal Survey.

Th e thread of systems science runs through each of these and serves to 

emphasize the importance of deep, intensive investigations of fundamental physical 

processes encompassing a cross section of disciplinary boundaries and intellectual 

constructs and scientifi c theories that provide an integrated understanding of how 

the system works as a whole.
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  Understand the Sun and its Effects 
    on Earth and the Solar System

Understand the Nature 
of our Home in Space 

Understand how human society, 
technological systems, and the habit-
ability of planets are aff ected by solar 
variability interacting with planetary 
magnetic fi elds and atmospheres.

Safeguard the Journey 
of Exploration

Maximize the safety and productivity 
of human and robotic explorers by 
developing the capability to predict 
the extreme and dynamic conditions 
in space.

Open the Frontier to Space 
Environmental Prediction

Understand the fundamental physical 
processes of the space environment—
from the Sun to Earth, to other planets, 
and beyond to the interstellar medium.
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Open the Frontier to Space Environmental Prediction 
Th e Sun, our solar system, and the universe consist primarily of plasma. 

Plasmas are more complex than solids, liquids, and gases because the motions of 
electrons and ions produce both electric and magnetic fi elds. Th e electric fi elds 
accelerate particles, sometimes to very high energies, and the magnetic fi elds guide 
their motions. Th is results in a rich set of interacting physical processes, including 
intricate exchanges with the neutral gas in planetary atmospheres. 

Although physicists know the laws governing the interaction of electrically 
charged particles, the collective behavior of the plasma state leads to complex and 
often surprising physical phenomena. As the foundation for our long-term research 
program, we will develop a comprehensive scientifi c understanding of the funda-
mental physical processes that control our space environment.

Th e processes of interest occur in many locations, though with vastly diff erent 
magnitudes of energy, size, and time. By quantitatively examining similar phenom-
ena occurring in diff erent regimes with a variety of techniques, we can identify the 
important controlling mechanisms and rigorously test our developing knowledge. 
Both remote sensing and in situ observations will be utilized to provide the comple-
mentary three-dimensional, large-scale perspective and the detailed small-scale 
microphysics view necessary to see the complete picture.

Understand the Nature of our Home in Space
Humankind does not live in isolation; we are intimately coupled with the space 

environment through our technological needs, the solar system bodies we plan to 
explore, and ultimately the fate of our Earth itself. We regularly experience how vari-
ability in the near-Earth space environment aff ects the activities that underpin our 
society. We are living with a star.

We plan to better understand our place in the solar system by investigating the 
interaction of the space environment with the Earth and the eff ect of this interac-
tion on humankind. We plan to characterize and develop a predictive knowledge of 
the impact of the space environment on our planet, technology, and society. Our 
goal is to understand the web of linked physical processes connecting Earth with 
the space environment.

We are increasingly interested in the planetary environments that await us and 
how the lessons learned can be applied to our home on Earth. Much can be learned 
by studying our own atmosphere and applying that knowledge to the exploration 
of other planets. Even a casual scan of the solar system is suffi  cient to discover that 
habitability, particularly for humankind, requires a rare confl uence of many factors. 
At least some of these factors, especially the role of magnetic fi elds in shielding 
planetary atmospheres, are subjects of immense interest.

Safeguard the Journey of Exploration
NASA’s robotic spacecraft continue to explore the Earth’s neighborhood and 

other targets in the heliosphere. Humans are expected once again to venture onto 
the surface of the Moon and one day onto the surface of Mars. Th is exploration 
brings challenges and hazards. We plan to help safeguard these space journeys by 
characterizing, understanding, and developing forecasting strategies for space envi-
ronmental hazards.

Th is work will aid in the optimization of habitats, spacecraft, and instrumenta-
tion, and for planning mission operation scenarios, ultimately increasing mission 
productivity. We will analyze the complex infl uence of the Sun and the space envi-
ronment, from origin to the destination, on critical conditions at and near exploring 
human and robotic spacecraft. Collaborations between Heliophysics scientists and 
the entities preparing for human and robotic exploration will be fostered through 
interdisciplinary research programs and the common use of NASA research assets 
in space.

Research Focus Areas 
 F1 Magnetic reconnection 

 F2 Particle acceleration 
  and transport

 F3 Ion-neutral interactions

 F4  Creation and variability   
of magnetic dynamos

Research Focus Areas 
 J1 Variability, extremes,
  and boundary conditions

 J2 Capability to predict the  
  origin, onset, and level of  
  solar activity

 J3 Capability to predict the  
  propagation and evolu- 
  tion of solar disturbances

 J4 Effects on and within   
  planetary environments

Research Focus Areas 
 H1 Causes and evolution 
  of solar activity

 H2 Earth’s magnetosphere, 
  ionosphere, and upper  
  atmosphere

 H3 Role of the Sun in 
  driving change in the 
  Earth’s atmosphere

 H4 Apply our knowledge to  
  understand other regions
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Reconnection is a topological change in a magnetic fi eld confi guration that 
releases stored magnetic energy to a plasma. Reconnection can accelerate particles 
to very high energies and, it can dramatically alter the regions of space accessible to 
those particles. It is responsible for the energy release in solar fl ares. In the corona, 
reconnection can sever large clouds of dense plasma from the magnetic fi elds that 
anchored them. Reconnection at the front side of the magnetosphere and in the 
magnetotail is responsible for the coupling between the solar wind and the Earth’s 
magnetosphere that drives the aurora and geomagnetic storms. Th e consequences 
of reconnection can be devastating to space assets, voyaging humans, and communi-
cation systems on Earth.

Reconnection is fundamentally a multiscale process. Th e large-scale confi gu-
ration of the magnetic fi eld creates the conditions under which reconnection can 
occur, but the explosive conversion of magnetic energy originates in a region called 
the diff usion region that is very small in comparison. For example, reconnection at 
the Earth’s magnetopause (the boundary separating the solar wind and terrestrial 
magnetic fi elds) occurs in a region with an area on the order of hundreds of square 
kilometers, compared to a total magnetopause surface area of approximately 60 bil-
lion square kilometers. Current solar imaging techniques are insuffi  cient to resolve 
the diff usion region associated with solar fl ares and coronal mass ejections (CMEs). 
While there have been a few encounters with the diff usion region in the near-Earth 
environment, systematic study of this phenomenon is just beginning. Th e physical 
processes that initiate and control reconnection remain to be measured.

Most of our basic theoretical understanding of reconnection comes from a 
magnetohydrodynamics (MHD) perspective. Although this approach has provided 
important insight, it is inherently limited in that it cannot predict the very small 
scales on which ions and electrons decouple from the magnetic fi eld or the detailed 
particle energization process. Important questions remain unanswered both obser-
vationally and theoretically: What initiates the reconnection process? What are the 
kinetic processes that occur and what is their role? What is the range of scale sizes of 
the region over which reconnection occurs in diff erent regimes? What determines if 
reconnection is quasi-steady or bursty? What mechanisms or boundary conditions 
control the spatial and temporal scales? What is the three-dimensional structure of 
the reconnection region and how does this structure aff ect particle acceleration?

Open the Frontier:

Understand magnetic reconnection as revealed in 
solar fl ares, coronal mass ejections, the solar wind, 
and in magnetospheres

Priority Investigations:

What are the fundamental physical 

processes and topologies of 

magnetic reconnection?

How are plasmas and charged 

particles heated and accelerated?

How are mass and energy 

transferred from the heliosphere 

to a planetary magnetosphere?

Decadal Survey Challenges:

Challenge 4: Understanding the 

basic physical principles manifest 

in processes observed in solar 

and space plasmas.

1
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High-energy particles accelerated at the Sun and within interplanetary space, 
as well as cosmic rays from outside the solar system, pose a serious hazard to human 
and robotic exploration. Energetic particles produced or trapped within planetary 
magnetospheres can have deleterious eff ects on important technological assets in 
those locations. Predicting these eff ects requires a fundamental understanding of 
where and how particles in space can be accelerated and how they are transported.

More than one mechanism can operate to produce a given energetic particle 
population at a given location. Moreover, energetic particles are accelerated both 
at localized sites (solar fl ares, planetary bow shocks, magnetotail reconnection sites, 
auroral acceleration regions, and radiation belts), and globally (coronal and inter-
planetary shocks, co-rotating interaction regions and global merged interaction 
regions in the solar wind, and the termination shock). Important processes for 
near-term investigation include quasi-static electric fi elds parallel to the background 
magnetic fi eld, wave electric fi elds, stochastic (Fermi) acceleration, and the drift 
of particles along a component of the electric fi eld such as that occurs in shocks 
and the magnetotail.

Th e Earth’s aurora provides a unique opportunity to understand acceleration 
by parallel electric fi elds and waves. Particle acceleration at CMEs shock fronts is a 
leading candidate for the production of gradual solar energetic particle (SEP) events. 
New observations at the solar wind termination shock suggest that suprathermal ion 
populations dominate the kinetic energy of the plasma in the heliosheath, which 
changes our views of how particle energizing occurs in the outer heliosphere. 

An understanding of the acceleration of thermal plasmas is also vital as these 
may form seed populations for subsequent energization, or mediate the transport 
and acceleration of energetic particles. In terrestrial and planetary magnetospheres, 
for example, thermal plasmas can be accelerated to suffi  ciently high energies to form 
ring currents and radiation belts. Th e solar wind transports energetic particles, and 
also provides acceleration regions through its interaction with magnetospheres, the 
termination shock, stream interaction regions, and interplanetary CMEs. Th e origin 
of the solar wind is not well understood and represents a large gap in our knowledge 
of fundamental processes.

Open the Frontier:

Understand the plasma processes that accelerate 
and transport particles

Priority Investigations:

 How are plasmas and charged 

particles heated and accelerated?

 How is solar wind plasma 

accelerated?

How are planetary thermal plasmas 

accelerated and transported?

 How do solar wind disturbances 

propagate and evolve through 

the solar system?

What are the roles of mass and 

energy fl ows in the behavior of 

planetary magnetospheres?

Decadal Survey Challenges:

Challenge 4: Understanding the 

basic physical principles manifest 

in processes observed in solar 

and space plasmas.

Challenge 5: Developing a near-

real-time predictive capability for 

understanding and quantifying 

the impact on human activities of 

dynamical processes at the Sun, 

in the interplanetary medium, and 

in Earth’s magnetosphere and 

ionosphere.

2
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Th ere are many locations throughout the solar system where interactions 
between charged and neutral particles strongly aff ect the behavior of the system. 
Charged and neutral species respond to diff erent forces but interact through colli-
sions. Th ese collisions result in chemical reactions and transfer energy and momen-
tum between the populations. Most important for near-term study is to understand 
the large-scale balance between gravitationally and magnetically controlled compo-
nents of the system.

Planetary atmospheres, including that of the Earth, are aff ected directly by 
ultraviolet (UV) and infrared radiation from the Sun. Charged particles are pro-
duced when this radiation is absorbed and energy is produced that can be redistrib-
uted in a variety of ways before being reradiated to space. Th e charged particles may 
also be infl uenced by a magnetic fi eld. Th e Sun’s interplanetary magnetic fi eld can 
produce a stress known as mass loading. Th e presence of a planetary magnetic fi eld 
prevents direct interaction of an atmosphere with the solar wind and produces a 
magnetosphere providing additional pathways for redistributing the energy from 
the Sun.

In the case of Earth, the upper atmosphere is also subject to energy and 
momentum inputs from below, produced by tropospheric processes and moun-
tainous geographic features. Variations in these inputs can change the large-scale 
temperature and composition in the middle and upper atmosphere. Such processes 
may also operate in the atmospheres of Venus and Mars.

When charged and neutral particles exist in the presence of a magnetic fi eld, 
the mobility of the magnetized plasma becomes anisotropic and drag forces between 
the plasma and the neutral gas produce complex electrodynamic interactions. Such 
interactions dramatically aff ect the spatial distribution of the plasma, and the result-
ing instabilities lead to structures spanning a wide range of sizes. In the case of the 
Earth, large-scale plasma structures accelerate or decelerate the neutral atmospheric 
gases and change circulation patterns. Smaller scale plasma structures infl uence the 
propagation of radio waves and aff ect communications and navigation systems.

Th ese and other interactions between charged and neutral species feed the non-
linear, seemingly individual behavior of both species. It is not possible to specify the 
state of the entire system from only instantaneous knowledge of a single component 
or from simple monitoring of external drivers. Rather, both initial states and the 
evolutionary time scales must be understood over a wide spectrum of scales. Meet-
ing these requirements represents our primary challenge to future progress.

Open the Frontier:

Understand the ion-neutral interactions that couple 
planetary ionospheres to their upper atmospheres 
and solar and stellar winds to the ambient neutrals 

Priority Investigations:

 What governs the coupling of neutral 

and ionized species?

How do coupled middle and upper 

atmospheres respond to external 

drivers and to each other?

What is responsible for the dramatic 

variability in many of the state 

variables describing the ITM region?

How do the magnetosphere and the 

ionosphere-thermosphere systems 

interact with each other?

How do the heliosphere and the 

interstellar medium interact?

Decadal Survey Challenges:

Challenge 2: Understanding 

heliospheric structure, the 

distribution of magnetic fi elds and 

matter throughout the solar system, 

and the interaction of the solar 

atmosphere with the local interstellar 

medium.

Challenge 3: Understanding the 

space environments of Earth and 

other solar system bodies and their 

dynamical response to external and 

internal infl uences.

Challenge 4: Understanding the 

basic physical principles manifest 

in processes observed in solar 

and space plasmas.

3
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Th e generation of cosmic magnetic fi elds is a fundamental physical mystery that 
underlies a wide range of phenomena in the Sun-Earth system, the solar system, and 
indeed the universe beyond. In addition, magnetic fi elds control and infl uence many 
events that aff ect the technological functions of our society.

For example, the Sun’s variable magnetic fi eld is the energy source for solar par-
ticle acceleration and the structure of the fi eld controls the entry of galactic cosmic 
rays (GCRs) into the solar system as well as the strength of geomagnetic storms. 
Helioseismic data from the Solar and Heliospheric Observatory (SOHO) and 
ground-based observatories have revolutionized dynamo theories of magnetic fi eld 
generation by placing the main solar cycle dynamo action at the base of the convec-
tion zone, in the rotationally sheared layer known as the tachocline. Estimates of the 
correct characteristics of the meridional circulation are thought to be key ingredients 
for determining the length of the solar cycle. Recently, models have been created 
that use the meridional fl ow patterns from previous cycles to estimate the length and 
amplitude of the next cycle. However, while these dynamo models may be able to 
forecast the cycle length, there is some indication that they may not capture all of 
the relevant physics as the onset of cycle 24 may not agree with the predictions. In 
addition, details, such as whether the cycle will be double peaked, are still not within 
our predictive capability. We know even less about activity cycles on other stars, 
though comparative stellar dynamo studies should reveal much about the long-term 
behavior of stars and the Sun. Developing the understanding of the dynamo process 
to enable this kind of prediction is important for long-term planning for solar activ-
ity and would have obvious applications in trying to understand past and future 
periods of abnormal solar activity and concomitant aff ects on terrestrial climate and 
planetary habitability.

Closer to home, magnetic reversals and other large variations of the Earth’s 
magnetic fi eld can lead to periods of reduced protection from the harsh radiation 
environment of space. Th e process responsible for the existence and behavior of 
these magnetic fi elds—again, the dynamo—involves the twisting and folding of 
weak fi elds so as to change and amplify them. Solving the problem of just how 
dynamos operate in such widely diff erent environments, from the liquid metal of 
planets to the gaseous plasma of stars, will allow better predictions of the eff ects 
of magnetic fi eld changes at both the Earth and the Sun. Th is understanding is 
essential to describing the coupled Sun-solar system connection and has important 
implications for the exploration of our solar system.

Open the Frontier:

 Understand the creation and variability of magnetic 
dynamos and how they drive the dynamics of solar, 
planetary, and stellar environments 

Priority Investigations:

 How do planetary dynamos function 

and why do they vary so widely 

across the solar system?

 

 What is the fundamental nature of 

the solar dynamos and how does it 

produce the solar cycle?

What are the precursors to solar 

disturbances?

How are mass and energy 

transferred from the heliosphere 

to a planetary magnetosphere?

What is responsible for the dramatic 

variability in many of the state 

variables describing the ITM region?

Decadal Survey Challenges:

Challenge 1: Understanding the 

structure and dynamics of the Sun’s 

interior, the generation of solar 

magnetic fi elds, the origin of the solar 

cycle, the causes of solar activity, 

and the structure and dynamics of 

the corona.

Challenge 3: Understanding the 

space environments of Earth and 

other solar system bodies and their 

dynamical response to external and 

internal infl uences.

Challenge 4: Understanding the 

basic physical principles manifest 

in processes observed in solar 

and space plasmas.

4
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Th e climate and space environment that aff ects Earth are determined by 
the plasma, particle, and electromagnetic radiation outputs from the Sun. Th e 
solar output varies on many time scales: from explosive reconnection on scales of 
microseconds, to convective turnover taking minutes to hours, to solar rotation 
over a month, to the 22-year solar magnetic cycle, and to century-long irregular 
fl uctuations, such as the Maunder minimum. Th is high degree of variability is a 
consequence of the emergence of the magnetic fi eld from below the photosphere, 
its transport and destruction on the solar surface, and the intermittent eruption 
into the heliosphere of energy stored in the atmosphere as fl ares and CMEs. Th e 
heliosphere also modulates the propagation of incoming galactic cosmic rays on 
large spatial scales that are on the order of the size of the solar system. In addition, 
longer term changes that can aff ect Earth’s climate include variations in the solar 
total and spectral irradiance.

As the solar wind is emitted from the edges of coronal holes, it carries embed-
ded fl uctuations of magnetic fi eld, density, and temperature, as well as energetic 
particle populations. All of these phenomena evolve as they travel through the 
heliosphere. Shocks accelerate the particles and interact with the other irregularities. 
CMEs can interact with each other. Particles collide and redistribute energy. Th e 
result is an ever-changing background of electric fi elds, magnetic fi elds, and charged 
particle radiation bombarding the Earth and near-space environment. Currently, 
observations of this complex situation are available primarily from near-Sun and 
1 AU observations. Understanding the three-dimensional, time-varying propagation 
of solar disturbances is one of the greatest challenges facing us. Understanding the 
internal confi guration of the structures is another.

Precursors can provide useful information about solar and interplanetary events; 
however, more complete predictive models based on physical principles are necessary 
if we are ever to usefully assimilate the information. As with terrestrial weather, it is 
not yet clear how long in advance solar activity can be predicted. Improved and con-
tinuous observations of the solar vector magnetic fi eld, along with high-resolution 
multispectral observations of the atmosphere are as critical for resolving this ques-
tion as helioseismology is for revealing the subsurface conditions.

Our Home in Space:

Understand the causes and subsequent evolution 
of solar activity that affects Earth’s space climate 
and environment 

Priority Investigations:

What are the fundamental physical 

processes and topologies of 

magnetic reconnection?

What are the precursors to solar 

disturbances?

 How do solar wind disturbances 

propagate and evolve through the 

solar system?

How do the heliosphere and the 

interstellar medium interact?

Decadal Survey Challenges:

Challenge 1: Understanding the 

structure and dynamics of the Sun’s 

interior, the generation of solar 

magnetic fi elds, the origin of the solar 

cycle, the causes of solar activity, 

and the structure and dynamics of 

the corona.

1
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Earth’s space environment is a complex, strongly coupled system, energized 
by an amazing range of inputs that originate with the Sun. One important input is 
the magnetized solar wind rushing past Earth at a million miles per hour, interact-
ing with Earth’s magnetic fi eld to produce the magnetosphere that can accumulate 
and release that energy in powerful bursts. Th is process accelerates magnetospheric 
plasma into Earth’s polar regions and heats the upper atmosphere, a well known 
aff ect of the aurora. Auroral heating sets the upper atmosphere into motion and 
modifi es its composition and chemistry. Embedded in the atmosphere is the iono-
sphere, the density of which is usually driven by solar extreme ultraviolet radiation. 
However, its density can be strongly aff ected by auroral-induced changes in the 
atmosphere, and thus by solar wind conditions. Th e electric fi elds that develop in 
the magnetosphere during solar wind-induced disturbances can also strongly modify 
the ionosphere, drawing high-density plasma from low to high latitudes in great 
plumes, further enhancing the strength of geomagnetic disturbances by adding to 
magnetospheric pressure through high-latitude ion outfl ow.

Th e short description above shows how solar wind energy initiates a magnetic 
storm, with subsequent eff ects in the atmosphere and ionosphere that, in turn, 
may modify the magnetic storm strength itself. Th e fl ow of energy and mass in this 
strongly coupled system is an intensively studied problem, with broad implications 
for our technologically advancing society and for basic understanding of plasma 
processes in planetary environments. Individual parts of the system have been the 
target of many focused studies, yielding new understanding of processes occurring 
on a wide range of temporal and spatial scales. Equally important is to understand 
how these processes couple across the broad range of spatial and temporal scales to 
our geospace system.

New nonlinear pathways for energy coupling have recently been discovered in 
geospace. Recent research indicates that the response of the atmosphere to auroral 
forcing depends not only on the total energy input, but the width of the auroral 
curtains. Daily tropospheric precipitation in equatorial rainforests releases such a 
prodigious amount of heat that the tides of atmospheric energy propagating upward 
from these storms change the ionosphere dramatically. Th ese tides interact with 
other waves on many scales. Th ese processes involve nonlinear diff usion and wave 
interactions that are critical for understanding the large-scale behavior of the geo-
space system.

Our Home in Space:

 Understand changes in the Earth’s magnetosphere, 
ionosphere, and upper atmosphere to enable 
specification, prediction, and mitigation of their effects 

Priority Investigations:

How are planetary thermal plasmas 

accelerated and transported?

How are mass and energy 

transferred from the heliosphere 

to a planetary magnetosphere?

What are the roles of mass and 

energy fl ows in the behavior of 

planetary magnetospheres?

What is responsible for the dramatic 

variability in many of the state 

variables describing the ITM region?

How do the magnetosphere and the 

ionosphere-thermosphere systems 

interact with each other?

Decadal Survey Challenges:

Challenge 3: Understanding the 

space environments of Earth and 

other solar system bodies and their 

dynamical response to external and 

internal infl uences.

2
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Solar energy in the form of photons and particles drives the chemical and 
physical structure of Earth’s atmosphere. For example, UV radiation and X-radiation 
deposited globally throughout the mesosphere and thermosphere are responsible 
for formation of the ionosphere. Also, while particles primarily deposit their energy 
at high latitudes, the resulting ionization, dissociation, and excitation of atoms 
and molecules can have a global eff ect due to dynamical processes that transport 
energy. Ultimately, these processes combine to drive the temperature and chemical 
composition of the entire Earth’s atmosphere. A key example of how atmospheric 
modifi cation by the Sun aff ects life is stratospheric ozone, which acts as a human 
UV shield. Th e very existence of the ozone layer is a direct result of solar energy 
deposition. Nitric oxide created at higher altitudes by processes involving solar and 
auroral energy may be transported to lower altitudes where it can destroy ozone. 
Solar energetic particles have been linked to episodic stratospheric ozone depletions, 
and it is possible that radiation belt particles play a role as well. Galactic cosmic rays 
are modulated by the solar cycle, but their possible eff ects on cloud nucleation and, 
hence, albedo remains controversial. Because life depends on the atmosphere and its 
climate, study of solar energy-driven atmospheric variations is critically important. 
Despite this, the strength and variability of atmospheric solar energy deposition 
remain poorly understood. In addition, coupling processes that spread eff ects of 
energy deposition in altitude and latitude are not well understood. Addressing these 
issues requires high time-resolution spectral observations of solar energy, measure-
ments of the atmospheric response, as well as theory and modeling of dynamical 
processes that distribute eff ects of solar energy.

Our Home in Space:

Understand the role of the Sun and its variability 
in driving change in the Earth’s atmosphere

Priority Investigations:

What governs the coupling of neutral 

and ionized species?

How do coupled middle and upper 

atmospheres respond to external 

drivers and to each other?

How do the magnetosphere and the 

ionosphere-thermosphere systems 

interact with each other?

 

 How do long-term variations in solar 

energy output affect Earth’s climate?

Decadal Survey Challenges:

Challenge 3: Understanding the 

space environments of Earth and 

other solar system bodies and their 

dynamical response to external and 

internal infl uences.

3
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Plasmas and their embedded magnetic fi elds aff ect the formation, evolution, 
and destiny of planets and planetary systems. Th e heliosphere shields the solar sys-
tem from galactic cosmic radiation. Our habitable planet is shielded by its magnetic 
fi eld, protecting it from solar and cosmic particle radiation and from erosion of 
the atmosphere by the solar wind. Planets without a shielding magnetic fi eld, such 
as Mars and Venus, are exposed to those processes and evolve diff erently. And on 
Earth, the magnetic fi eld changes strength and confi guration during its occasional 
polarity reversals, altering the shielding of the planet from external radiation sources. 

How important is a magnetosphere to the development and survivability of 
life? Th e solar wind, where it meets the local interstellar medium (LISM), forms 
boundaries that protect the planets from the galactic environment. Th e interstellar 
interaction depends on the raw pressure of the solar wind and the properties of the 
LISM (density, pressure, magnetic fi eld, and bulk fl ow). Th ese properties, particu-
larly those of the LISM, change over the course of time, and change dramatically 
on long time scales (1,000 years and longer) as the solar system encounters interstel-
lar clouds. How do these long-term changes aff ect the sustainability of life in our 
solar system? 

Understanding the nature of these variations and their consequences requires a 
series of investigations targeting the structure of the heliosphere and its boundaries 
and conditions in the LISM. Planetary systems form in disks of gas and dust around 
young stars. Stellar UV emission, winds, and energetic particles alter this process, 
both in the internal structure of the disk and its interaction with its parent star. Th e 
role of magnetic fi elds in the formation process has not been fully integrated with 
other parts of the process. Th e study of similar regions in our solar system, such as 
dusty plasmas surrounding Saturn and Jupiter, will help explain the role of plasma 
processes in determining the types of planets that can form, and how they later 
evolve.

Our Home in Space:

Apply our knowledge of space plasma physics to 
understand other regions of the solar system, stars, 
and the galaxy 

Priority Investigations:

What are the fundamental physical 

processes and topologies of 

magnetic reconnection?

How are plasmas and charged 

particles heated and accelerated?

How do planetary dynamos function 

and why do they vary so widely 

across the solar system?

What is the fundamental nature 

of the solar dynamo and how does 

it produce the solar cycle?

What is the composition of matter 

fundamental to the formation of 

habitable planets and life?

Decadal Survey Challenges:

Challenge 2: Understanding 

heliospheric structure, the 

distribution of magnetic fi elds and 

matter throughout the solar system, 

and the interaction of the solar 

atmosphere with the local interstellar 

medium.

Challenge 3: Understanding the 

space environments of Earth and 

other solar system bodies and their 

dynamical response to external and 

internal infl uences.

NRC Astrophysical Context:
Understanding the Sun, heliosphere, 

planetary magnetospheres and 

ionospheres as astrophysical objects 

and in astrophysical context.

4
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Th e Sun is a variable star. Beginning with the invention of the telescope more 
than 400 years ago, it has been found that the Sun shows quasi-periodic behavior in 
sunspot occurrence, and that the Earth is susceptible to solar variability. Th e solar 
activity cycle, linked to sunspots, is approximately11 years long. Historical records 
show that not all solar cycles are the same. It is unlikely that the variations we have 
seen within the 50 years of the space age refl ect the full extent of solar variability 
and extremes. Moreover, computer modeling of the infamous1859 Carrington event 
indicates that more severe space weather is possible. It is therefore important to col-
lect long-term records of space weather events and space climate. Even the ongoing 
and benign solar cycle minimum is unusual compared to all cycles spacecraft have 
encountered so far: it appears to last longer, and at the same time, the solar polar 
magnetic fi eld is signifi cantly weaker than in the three previous solar minimum peri-
ods. As a result, the Earth’s ionosphere has reached its coldest ever state in 2008, and 
the solar wind output of the Sun, which has waned over the course of past decade 
seemingly independent of solar activity, has reached a historic low. Recognizing the 
importance of space measurements, the Heliophysics Division has put in place new 
rules that will ensure preservation and open access of the data collected by past and 
currently operating spacecraft. Th is encompasses that the necessary documenta-
tion will be preserved alongside the collected data. Th us, future research into the 
extremes of the space environment can utilize eff ectively what this generation of 
robotic explorers has gathered and how this information fi ts into the overall context 
of solar and space environment variability. 

Th e signifi cance of characterizing extremes in Heliophysics derives from its 
impact on humanity and its dependence on technology. NASA, in particular, devel-
ops robotic explorers and plans to send humans past low-Earth orbit, where they are 
more vulnerable to space weather hazards. A primary hazard to assets and humans 
in space are energetic particles accelerated at or near the Sun, trapped particles in 
radiation belts around the Earth (see J4), and galactic cosmic rays. SEPs represent 
a transient, but high-intensity threat to the safety of astronaut and space hardware. 
Knowledge of occurrence rate and range of intensities is critical for system design 
purposes. 

Th e extremes of solar events, combined with the drive towards ever lighter 
and more compact space fl ight hardware, frequently have caused problems for 
instrumentation, preventing the accurate characterization of the extremes of space 
weather. In some cases, postanalysis allowed successful recovery of data, but in order 
to prepare missions towards data reliability in near-real time that feed a modeling 
environment, new, robust technologies have to be developed. Th ese developments 
will pave the way for exploring key mechanisms and regions through which extreme 
space weather events arise: the radiation belts (RBSP), the reconnection regions in 
the Earth’s magnetosphere (MMS), and the nearest neighborhood of the Sun where 
the solar wind forms (Solar Probe+).

Safeguard the Journey:

Characterize the variability, extremes, and boundary 
conditions of the space environments that will be 
encountered by human and robotic explorers

Priority Investigations:

How is solar wind plasma 

accelerated?

What is the fundamental nature of 

the solar dynamo and how does it 

produce the solar cycle?

What are the roles of mass and 

energy fl ows in the behavior of 

planetary magnetospheres?

What is responsible for the dramatic 

variability in many of the state 

variables describing the ITM region?

Decadal Survey Challenges:

Challenge 2: Understanding 

heliospheric structure, the 

distribution of magnetic fi elds and 

matter throughout the solar system, 

and the interaction of the solar 

atmosphere with the local interstellar 

medium.

Challenge 5: Developing a near-

real-time predictive capability for 

understanding and quantifying 

the impact on human activities of 

dynamical processes at the Sun, 

in the interplanetary medium, and 

in Earth’s magnetosphere and 

ionosphere.
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Dramatic and rapid changes in space weather that can aff ect humans and 
technology anywhere in the inner heliosphere are associated with solar particle 
events. Recent space weather research has shown that in a worst-case scenario (J1), 
unprotected astronauts that are suddenly exposed to solar particle radiation in space 
can reach their permissible exposure limits within hours of an event. Such events 
are a direct eff ect of the rapid release of stored magnetic energy at active regions 
on the Sun.

Predicting accurately when safe intervals will occur, or the exact times of sud-
den releases of radiation at the Sun, poses major challenges to the system science of 
Heliophysics. Th e time scales involved span several orders of magnitude: minutes 
and hours are associated with high-energy particle propagation from the Sun to the 
Earth; days are associated with arrival of a solar wind plasma, and months to years 
for the full development of solar explosive events.

Th e largest potential impact on exploration would derive from predicting 
“all clear” periods. Th is capability could improve safety by optimized scheduling 
of manned launches and extravehicular activities (EVAs). In recent years, several 
observational tools and methods have been developed and are currently being vali-
dated that would greatly improve forecasting. Early successes are (1) the capability 
that is now in place to image active regions on the back side of the Sun with helio-
seismology, to be vastly improved with the expected launch of the Solar Dynamics 
Observatory (SDO) and (2) the nowcasting of light-speed particles from prompt 
particle events that can give up to 1 hour warning of hazardous SEP arrival, and 
(3) STEREO heliospheric imaging that can give 1–2 days warning of the arrival of 
energetic storm particles and magnetic disturbances at distances where human and 
robotic explorers might venture. Th ese advancements could exceed by more than 
tenfold previous warnings that relied on spacecraft at the L1 Lagrangian point, 
1 million miles sunward from Earth. 

Successful forecasting of space weather depends on (a) complete identifi cation 
and observational coverage in real-time of critical solar disturbance parameters; 
(b) the development of observational tools, improved instrumentation that is alert 
and fully functional even in the midst of severe space weather; and (c) the advances 
in physical understanding (F and H) as a basis for theoretical and computational 
modeling of the Sun-Earth-Inner-Heliosphere system. Th ese are all necessary 
conditions for a Heliophysics science enterprise that would fulfi ll its responsibility 
for NASA embarking on next-generation exploration activities.

Safeguard the Journey:

Develop the capability to predict the origin, onset, 
and level of solar activity in order to identify potentially 
hazardous space weather events and safe intervals

Priority Investigations:

 What are the fundamental physical 

processes and topologies of 

magnetic reconnection?

How do planetary dynamos function 

and why do they vary so widely 

across the solar system?

What is the composition of matter 

fundamental to the formation of 

habitable planets and life?

Decadal Survey Challenges:

Challenge 1: Understanding the 

structure and dynamics of the Sun’s 

interior, the generation of solar 

magnetic fi elds, the origin of the solar 

cycle, the causes of solar activity, 

and the structure and dynamics of 

the corona.

Challenge 5: Developing a near-

real-time predictive capability for 

understanding and quantifying 

the impact on human activities of 

dynamical processes at the Sun, 

in the interplanetary medium, and 

in Earth’s magnetosphere and 

ionosphere.

2
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Mission success of a lunar landing depends on the productivity of astronauts 
deploying instrumentation and collecting scientifi c samples in the surroundings of 
their landing sites. Solar activity can severely disrupt science activities for a period 
equivalent to short mission duration, in particular, in scenarios in which the evolu-
tion of the solar event is not suffi  ciently predictable. 

Th e eff ectiveness and duration of space weather events on humans and technol-
ogy in space critically depends not only on intensity of the solar event but also on 
the site of interest in the solar system and other properties of the outburst. CMEs, 
for example, propagate away from the slowly rotating Sun on a near-radial trajec-
tory. Th us, whether or not the disturbance interacts with the Earth-Moon system 
depends mostly on the direction and width of the expanding CME. 

Th e radiation environment in the heliosphere depends on the propagation and 
transport of the particles in the solar wind and on the radial evolution of, and interac-
tion with, solar disturbances. Th e behaviors are complex. Some solar particle events 
can increase radiation intensity to critical levels very rapidly, others rather slowly or 
not at all. At times, even two maxima can be reached originating from a single solar 
event, and in extreme events, the particles tend to fi ll the inner heliosphere.

 Heliophysics has recently made progress to better characterize the extent of 
solar particle events through observations from distributed vantage points. However, 
the observational basis for these studies needs to be improved. Despite the impor-
tance of remote sensing, the regions of the outer corona that provide the interface 
between the inner corona and the heliosphere (solar wind) can only be fully under-
stood with direct in situ measurements. Th e Solar Orbiter and Solar Probe+ missions 
now in formulation will provide critically needed data from the inner heliosphere.

GCRs are modulated globally over the solar cycle but also locally through 
propagating transient disturbances. Th e outer heliosphere is thought to shield us 
from much of the nearly continuous GCR fl ux, perhaps by as much as 90% at 
100 MeV/nucleon, although recent observations by the Voyager spacecraft show 
that the barrier, if it exists, is not in the inner part of the heliosheath. Th e sensitivity 
of the GCR fl ux to approaching solar disturbances has provided a valuable tool for 
predicting space weather hazards for spacecraft.

 

Safeguard the Journey:

Develop the capability to predict the propagation 
and evolution of solar disturbances to enable safe 
travel for human and robotic explorers

Priority Investigations:

How is solar wind plasma 

accelerated?

How do solar wind disturbances 

propagate and evolve through the 

solar system?

How do the heliosphere and the 

interstellar medium interact?

Decadal Survey Challenge:

Challenge 2: Understanding 

heliospheric structure, the 

distribution of magnetic fi elds and 

matter throughout the solar system, 

and the interaction of the solar 

atmosphere with the local interstellar 

medium. 

Challenge 5: Developing a near-

real-time predictive capability for 

understanding and quantifying 

the impact on human activities of 

dynamical processes at the Sun, 

in the interplanetary medium, and 

in Earth’s magnetosphere and 

ionosphere.

3
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Exploration activities are inherently risky. Beyond the technical challenges, 
human and robotic explorers across the solar system will be aff ected by the planetary 
plasma environments that respond to solar- and heliosphere-driven space weather. 
Th e “near-planet” radiation environment, applicable to Earth and all other planetary 
systems, is of particular concern for exploration activities as this is where exploration 
will take place for extended periods of time. Space weather at planets can intensify 
and restructure radiation belts. An eff ective strategy that minimizes cumulative 
dose from this hazard in particular includes avoidance through advance warning. 
Th e key role that Heliophysics occupies is to develop understanding of the physical 
processes that create and drive the radiation environments near planetary bodies. In 
the meantime, improved characterization of these environments and identifi cation 
of parameters that indicate changes will reduce risk to exploration activities to the 
extent possible.

Th e ionosphere, thermosphere, and mesosphere enable exploration activities 
in those planetary environments. Th ese layers of the planet’s atmospheres provide 
a means for long-range communication through ionospheric refl ection of radio 
signals. However, surface-to-orbit and surface-to-surface communications are sensi-
tive to Heliophysical processes. Aerobraking is a novel technique that utilizes the 
thermosphere and mesosphere instead of costly propellant. Spacecraft control in low 
orbits and in aerobraking parking orbits depend on the knowledge of upper atmo-
sphere neutral density. Neutral density variability at aerobraking altitudes is partially 
controlled by dynamical infl uences from the planetary atmosphere. 

Lunar dust interacts with the solar radiation and wind output. Th e plasma and 
UV radiation environment at the Moon’s surface contributes to recognized problems 
with lunar dust. Dust grain adhesion on astronaut suits and instrumentation is not 
fully understood or resolved.

Heliophysics science reduces risk for exploration by directly addressing the 
issues mentioned above. Th e Radiation Belt Storm Probes (RBSP) mission in 
development will measure the variability of the Earth’s radiation belts; ionosphere/
thermosphere/mesosphere missions, including AIM and Coupled Ion Neutral 
Dynamic Investigation (CINDI) in operation, will investigate the eff ects of space 
weather on the outer atmosphere of the Earth and at Mars; and the Artemis mission 
will utilize two spacecraft to investigate the solar wind and dust interaction near the 
Moon. Heliophysics, as an interdisciplinary science, will potentially benefi t from 
planetary exploration as planets and the moon hold unique archival clues on the 
distant past of solar terrestrial processes that will allow us to understand the system 
in more depth and detail.

Safeguard the Journey:

 Understand and characterize the space weather 
effects on and within planetary environments to 
minimize risk in exploration activities

Priority Investigations:

How do coupled middle and upper 

atmospheres respond to external 

drivers and to each other?

 

 What is responsible for the dramatic 

variability in many of the state 

variables describing the ITM region?

Decadal Survey Challenges:

Challenge 3: Understanding the 

space environments of Earth and 

other solar system bodies and their 

dynamical response to external and 

internal infl uences.

Challenge 5: Developing a near-

real-time predictive capability for 

understanding and quantifying 

the impact on human activities of 

dynamical processes at the Sun, 

in the interplanetary medium, and 

in Earth’s magnetosphere and 

ionosphere.

4
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Chapter 2
STATE OF THE DISCIPLINE

Th e Heliophysics discipline has been highly productive and successful in 

meeting the science goals established for the Heliophysics Division at NASA. 

Roadmaps have been key elements in continuing the productivity of the discipline. 

Strength from continuity of purpose derives from building the new strategy on the 

foundation of previous roadmaps, taking into account new scientifi c discoveries 

and reassessing the landscape of the discipline. Th ese are the starting points for 

building this roadmap that lays out a prioritized set of science objectives for future 

Heliophysics missions. Consideration of the integrated support of all program 

elements led to a launch queue for the highest priority science Targets as described 

in Chapter 3.

This image under construction
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Investment Returns 2006–2009: Recent Discoveries 
Pose Challenges for a New Era in Heliophysics

Scientifi c research leads to new insights, increased understanding, and eventually 

to predictive capabilities and useful applications. The Roadmap Team assessed 

progress in Heliophysics research to build upon advances made since the 2003–

2013 Decadal Survey of Solar and Space Physics. The team identifi ed several 

developments over the past few years that have led to new directions and posed 

new challenges for our science discipline. 

Since the publication of the Decadal Survey, our network of Heliophysics 
spacecraft has both gained and lost observational capabilities. Th e gains enable new 
science topics to be addressed and the losses potentially leave gaps in our ability to 
make further progress for other topics.

We have seen the launch of missions covering a broad scientifi c range, from 
the origins of noctilucent clouds in the upper atmosphere (AIM), the origins of 
substorms (THEMIS), the three-dimensional structure of the magnetosphere 
(TWINS), the three-dimensional structure of the corona and interplanetary space 
(STEREO), and the fi ne-scale structure of the solar surface (Hinode). Th is launch 
rate was made possible by making extensive use of smaller Principal Investigator (PI)-
led Explorer missions, missions of opportunities, and foreign partnerships. Similar 
arrangements will be important for maintaining an adequate rate of further progress.

During this same period, the Team took note of the loss of observational 
capability attendant to the loss of several observational platforms, including 
IMP-8, IMAGE, Polar, and Ulysses and critical instrumentation on the TIMED 
and FAST missions. 

We reviewed the scientifi c literature and the assessments of the Senior Review 
panels. Scientifi c results were identifi ed and mapped to the Research Focus Areas. 
Initial results were presented at the Roadmap Community meeting and further 
input was solicited. Th e study produced several highlights. First, magnetic recon-
nection and particle acceleration remain the dominant fundamental research topics 
in our fi eld. Th e last few years have brought direct observations of reconnection 
occurring within the magnetosphere, the solar corona and, surprisingly, in the solar 
wind. Reconnection research is ready to transition from an exploration and discov-
ery phase into detailed understanding of the mechanisms that trigger and moderate 
it. Our second observation is that the primary breakthrough area for solar terrestrial 
“cause-and-eff ect” science is at the boundaries or interfaces between regions. For 
example, recent observations with the CINDI instrument on the C/NOFS space-
craft have revealed an unexpected drop in density of the ionosphere, eff ectively 
lowering Earth’s boundary with space, as a result of the long and minimal activity 
on the Sun during the past solar minimum.
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Following are additional noteworthy examples.

Th e AIM spacecraft conducted the fi rst-ever survey of noctilucent clouds and 
has discovered that the clouds are far more strongly coupled to the lower atmosphere 
than had been previously believed; exploration of this connection is just beginning. 
Th e image below reveals Northern Hemisphere noctilucent clouds forming a so-far-
unknown arctic oval pattern. It is known that at the altitude of 50 miles above the 
Earth’s surface, the quasi-constant infl uence of solar irradiance on Earth’s weather 
system diminishes. Th e AIM data show that the upper atmosphere is interacting 
with the much more variable infl uence of short-wavelength solar emission that was 
thought to act mostly on plasma. Here, the potential impacts of human infl uence 
on climate and solar infl uences reaching further down into the atmosphere can be 
assessed and compared. 
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Using the fi ve THEMIS satellites, researchers discovered that explosions of 
magnetic energy a third of the way to the Moon power the substorms that cause 
sudden brightening and rapid movements of the auroras. Scientists found the cause 
to be magnetic reconnection and confi rmed that magnetic reconnection triggers the 
onset of substorms. A long-standing challenge remains to understand the energy 
and mass transfer between the highly coupled magnetosphere and the ionosphere. 
Two of the THEMIS spacecraft will soon be redirected into lunar orbit to examine 
plasma processes occurring in the interaction of the solar wind with the Moon. Th is 
exploration of the lunar plasma environment will off er insight into the universal 
processes occurring in the interaction of plasma with rocky bodies, but will be of 
signifi cant benefi t to design and implementation of the human and robotic activities 
at the Moon. 

Th e Hinode spacecraft’s high-spatial resolution observations of the Sun have 
had an impact on solar physics comparable to the Hubble Space Telescope’s impact 
on astronomy. Researchers are analyzing the plethora of new information on the 
magnetic carpet—the upward transfer of magnetic energy from the Sun’s surface 
toward the corona above. Th ese observations give rise to a variety of processes 
ranging from the quiet-time solar wind to the most intense solar eruptions that 
can endanger astronauts and robotic explorers in space. Th e STEREO spacecraft 
continue on their paths away from the Earth in leading and trailing orbits, tracking 
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magnetic disturbances (CMEs) from Sun to Earth. On February 6, 2011, they will 
provide our fi rst-ever observation of the full solar disk, which will enable scientists 
and forecasters to track large sunspot groups over their entire lifecycle.

Th e Ulysses mission has found that the current solar magnetic fi eld strength in 
the heliosphere is about 40% lower than during any solar cycle since the space age 
began. Simultaneous measurements by the SOHO spacecraft indicate that the Sun’s 
polar fi elds are smaller by a factor of 2. Th e change in strength suggests that the 
upcoming solar cycle may be signifi cantly diff erent from what we have observed in 
the past. Th e heliosphere as a whole may temporarily shrink in size and, therefore, 
the intensity of components of GCRs at Earth may rise to record levels. In this new 
environment, the recently launched IBEX mission will image, for the fi rst time, 
the dynamic heliospheric interaction with the local interstellar medium via neutral 
atoms. At the same time, the two Voyager spacecraft, the most distant man-made 
outposts experience this region. Th eir eventual encounter with the heliopause, the 
eff ective boundary of the Sun’s infl uence, may occur within a few years if the solar 
wind continues to decrease.
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Heliophysics Landscape–SWOT Analysis
In assessing the future direction of Heliophysics research as a discipline, it is prudent 

to candidly consider the strengths, weaknesses, opportunities, and threats in the 

Heliophysics landscape. The concept of a “SWOT” analysis was developed at 

Stanford University in the 1960s and has proven to be a valuable component of 

strategic planning across a wide range of organizations, both public and private. 

For this analysis, we considered internal attributes to be those that exist within the 

Heliophysics Division and/or heliophysics community while external conditions 

are those that exist outside or beyond (but may be internal to NASA as an 

Agency). The intent was to provide a context for formulating the strategies, 

implementations, and decisions reached through this roadmapping effort.

With this analysis, we found the Heliophysics Division to be healthy, 

vibrant, and becoming more integrated with the efforts of other 

agencies than ever before. Signifi cant weaknesses and threats to the 

enterprise do exist and must not be ignored for successful execution 

of this science strategy but, if the enterprise (including NASA, the 

science community, and decision makers) is willing to take bold steps 

and determinedly exploit its strengths, then great opportunities for 

science and for society are within reach.

Strengths
A primary strength is that Heliophysics has a portfolio of robust 

and compelling science. Th e science is broad and, at the same time, 
suffi  ciently deep to produce new discoveries and foster fundamental 
scientifi c understanding of our home in space and the interconnected 
physical processes that link the Sun to the Earth and planets to the 
edges of the solar system. Along with a rich diversity of ideas, Helio-
physics benefi ts from a community that is more integrated than ever 
before and is therefore better able to defi ne clear strategy and priorities 
across the discipline. Th is complements the fact that there is strong public 
interest in and support of the science of Heliophysics. Both the community 
integration and public awareness are outcomes of concerted eff orts over many 
years. A similar, but more tangible, strength is the concept of the Heliophys-
ics System Observatory—combinations of missions that, taken together, enable 
larger scale investigations. Th is distributed observatory has considerable fl exibility 
and grows in capability with each new mission launched.

external conditions helpful

  to achieving objectives

Objectives within the strategic plan were evaluated within the 

context of the SWOT to determine the achievability of each 

objective and how it might best be approached.
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Weaknesses
While the existence and fl exibility of the Heliophysics System Observatory is 

a primary strength, a weakness is that its collective capability is serendipitous, not 
planned, and somewhat fragile due to the aging of the satellite fl eet. Long-term or 
continuous observations of key parts of the system are particularly hard to maintain. 
Th e rising cost of individual missions has reduced the number of investigations that 
can be accomplished within budget resources. Mission costs have been strongly 

infl uenced by external factors but also refl ect some internal weaknesses related to, 
for example, disconnects between planning, procurement, and implementation 

methods. Diminished launch frequency is an example of a weakness with 
long-term consequences through diminished opportunities to retain experi-
enced personnel in fl ight hardware development and the inability to attract 
fresh talent to the fi eld. Th e identifi ed weaknesses represent opportunities 
for growth and improvement.

Opportunities
Heliophysics has much to contribute to other parts of the NASA 

enterprise. Th e science is basic to understanding many questions of 
the origin and evolution of the universe. Understanding and ultimate 
prediction of the space environment is important to reduce risk and 
improve productivity both within and outside of NASA. Th e expand-
ing importance of the discipline provides opportunities to both 
educate the public and to meet the challenges of understanding the 
Heliophysics system. Technological advances in information sharing, 
space instrumentation, propulsion, communications, and other areas 
are producing new tools that will enable discoveries at a rapid pace. At 
the same time, the increasing reliability of society on those technolo-

gies operating in space creates an urgency for the knowledge generated 
by the Heliophysics program. Th us, there is a need for expanded and 

extended Heliophysics partnerships with other agencies in the U.S. space 
enterprise (DoD, DOC, DOE, NSF, etc.).

Th reats
Th reats that lie outside of the direct infl uence of the Heliophysics program 

must still inform a rational strategy for the future. It is well known that recent 
elimination of the Delta II launcher has placed severe constraints on new missions, 
limiting them to smaller scientifi c payloads or requiring the use of much more 
expensive Evolved Expendable Launch Vehicle (EELV) vehicles. Funding projections 
are fl at even while new demands are being placed on the federal budget. Shortfall 
in the training of future engineers and scientists has the potential to lead to long-
term disruptions to the vitality of science and the U.S. space capability. Within this 
environment, we have recommended scientifi c priorities to make fundamental 
contributions worthy of public investment.
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Inferences Drawn From SWOT Analysis
Th e SWOT analysis provided valuable guidance for the development of this 

strategic plan. Th e text to the right summarizes the dominant issues raised by 
the analysis, identifi es the NASA Heliophysics Division processes and structures 
aff ected, and then lists the solutions recommended in this roadmap. We intend to 
provide a future direction for Heliophysics science at NASA that is based on a clear 
assessment of current challenges and constraints.

Th e Earth and the planets are embedded in a constantly changing medium 
powered by the Sun. Th e scale sizes are vast. Ideally, we need to simultaneously 
observe activity on the Sun, the properties of the solar wind as it fl ows through the 
solar system, the three-dimensional confi gurations of the planetary environments as 
they react, and the properties of the heliospheric boundary layers. It is clear that in 
the coming years, heliophysics will be challenged to maintain and even expand the 
breadth of its system-level observatory to meet the needs of our space-faring Nation. 
Other key challenges to the research program include instability in the budget, 
the growth in cost of missions and the uncertain availability of Delta-class launch 
vehicles that have been the workhorse launchers for the Heliophysics Division.

Th e premises of the roadmap have been conceived to address these challenges. 
Key among them is the development of a list of prioritized science Targets that 
embody the science objectives of future missions. Th e science priorities were identi-
fi ed through a community-based process informed by recommendations of the 
NRC, by Agency objectives, and other related needs of the Nation (See Appendix 
A for details). Important considerations were recent Heliophysics accomplishments 
and expectations regarding the scientifi c contributions of missions under develop-
ment. With a focus on science objectives rather than specifi c mission point designs, 
a fl ight mission implementation strategy was formulated with the fl exibility needed 
to deal with new discoveries, budget changes, the availability or loss of launch 
options, and the potential for new partnership opportunities. It is anticipated that 
this approach will facilitate innovation and mitigate some areas of past cost growth. 

It was determined that the HSO is a predominant asset and provides an 
outstanding capability for continued discovery. Signifi cant synergy is manifested 
in adding missions to the existing portfolio of the HSO. Th is is possible with 
frequent launches allowing investigation of Heliophysics as a system of cause-and-
eff ect relationships within the Sun-heliosphere-planetary system and the potential 
for simultaneous observing from distributed, strategic viewpoints. A technology 
development program is recommended that is focused on enabling and enhancing 
the high-priority science Target-derived missions. 

Finally, it is recommended that data from these multiple sources be synthesized 
through analysis, modeling, and theory to develop the deep scientifi c understanding 
and practical knowledge urgently needed by our increasingly technical society.
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Summary SWOT Results:
•  Progress across the system requires 

a broad-based approach with frequent 

launches

•  Launcher availability crisis requires 

fl exible implementation approach

•  Budget uncertainties require fl exible 

implementation approach

•  Strategies are required for mission 

cost containment 

Derived Challenges:
•  Identifi cation of vital and urgent science 

problems

•  Launch cadence versus mission capabilities 

versus budget realities

•  Flexible fl ight mission strategy to yield:

 – New discoveries across the system

 –  Effective integration of technologies, 

theory, modeling, and data analysis

 – Effi cient budget management

 –  Compatibility with changing launch market

 – Mission cost containment

•  Legacy planning-procurement–

implementation processes

Roadmap Solutions:
•  Analysis of Decadal Survey Science 

Challenges as a function of progress 

and future capabilities

•  Prioritized science queue rather than 

a mission queue

•  Mission objectives enable fundamental 

and system science

•  Compete mission architectures 

at formulation phase

 –  Mission LCC targets

 –  Greater launch frequency in both LWS 

and STP mission lines

•  Heliophysics System Observatory leverage 

science progress

•  Coordinated objectives for supporting 

R&A structures

•  Processes to “procure what you plan” 

and “implement what you procure”
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New Approach for Heliophysics Mission 
Planning and Implementation

Based on the lessons learned from the SWOT analyses, this roadmap presents a 
new approach for heliophysics strategic mission planning and implementation. With a 
focus on science rather than mission point designs, a strategy is presented with the fl ex-
ibility needed to deal with new discoveries, budget fl uctuations, the availability or loss 
of launch options, and the potential for new partnership opportunities. It is anticipated 
this approach will facilitate innovation and mitigate some areas of past cost growth.

Th e roadmap recommends a set of six new mission priorities along with a launch 
sequence, cadence, and mission size category. Science objectives, scope, requirements, 
and mission size categories are given. Neither specifi c mission architectures, point 
designs, nor implementation approaches are described. Th e roadmap recommends a 
competitive mission design process be initiated when NASA is ready to proceed with 
the next mission in the queue.

Via existing SMD Announcement of Opportunity (AO) processes, each science 
investigation proposal would be led by a principal investigator (PI) who is typically 
affi  liated with a university, research institution, or government laboratory. Th e PI 
selects team members to develop the investigation and defi ne the mission design 
concept and requirements. Th e team brings together the skills and expertise needed 
to develop the investigation and defi ne the mission from design concept, to the data 
analysis, and to the application of that data for scientifi c progress. Specifi cs on project 
management (center-led or PI-mode), and acquisition of the spacecraft bus, launcher, 
and specifi c technologies are determined on a project-by-project basis and specifi ed 
in the AO as constraints to mission design. Proposals will require careful trade-off s 
between science and cost to produce investigations with the highest possible value for 
the cost cap specifi ed.

While this approach may be new to the Heliophysics Division, the model has 
been used successfully by NASA within other programs. For example, in the New 
Frontiers Program, the missions tackle specifi c solar system exploration goals identifi ed 
as top priorities by consensus of the planetary community. Th e program solicits propos-
als for an entire mission, led by a PI that develops the scientifi c objectives, instrument 
payload, and mission design. Th ere is a cost cap specifi ed. Th e fi rst set of New Frontier 
priorities were determined by the Planetary Division’s decadal survey, conducted by the 
Space Studies Board of the National Research Council at NASA’s request.

Th e approach set forth by this roadmap is similar in that mission objectives and 
scope are determined by community-based strategic planning, the investigations and 
mission design are to be competed via an AO, and there is emphasis on cost contain-
ment. Th e approach diff ers in that specifi c science targets are identifi ed for each mis-
sion rather than a range of equally important topics.

Th e heliophysics community is committed to the principles of open competition 
and merit review as a key to excellence. Th e roadmap team believes this new approach 
has the potential to contribute to the containment of total mission cost and develop-
ment time while improving performance through extensive competitive peer review, 
validated technologies, and control of design requirements while maintaining a strong 
commitment to scientifi c excellence.
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Decadal Surveys and their associated 

implementation roadmaps are 

intended to be strategic planning 

documents. Mission point designs 

and acquisition specifi cs go well 

beyond strategy and into tactics. 

These tactics have proven to 

be unrealistic as the underlying 

resource, mission risk, and launcher 

assumptions changed over the 

course of the decade.

The major strength of the new plan 

is in leaving the defi nition of specifi c 

mission design to thoughtful analysis 

from the community through peer 

review within the context of the 

resources and technologies available 

at the time of mission formulation and 

implementation.

Th ese fi gures will be reformatted.

Please comment on the content.
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Logical Framework for the Roadmap
Th e roadmap is built on a logical framework that begins with U.S. National 

and NASA objectives and follows a series of more and more detailed steps, resulting 
in a launch queue populated by priority science Targets.

Th e Science objectives described in Chapter 1 fl ow through the RFA and 
Priority Investigations to a prioritization process as shown in the graphic on this 
page and detailed on the facing page. Analysis of past and recent progress resulted 
in a comprehensive list of Open Science Questions (OSQs) associated with each 
of the 18 investigations. Th ese were prioritized following the scheme described in 
appendix A. Th ese OSQs became the basic science objectives for future missions 
and are called science Targets to indicate that the science is focused and they are not 
missions in the usual sense of the word. Measurement techniques and architectures 
have not been specifi ed. Th e six highest priority Targets were assigned to either the 
STP or LWS mission lines, depending on the science content of the investigation. 
Successful implementation of missions based on the science Targets will be through 
an implementation process that involves all programs in the Heliophysics Division 
acting in concert.

U.S. National & 
NASA Objectives

Science 
Objectives

Science
Prioritization

Recommended 
Science Targets

Implementation

NAS Decadel Survey
NRC Study Reports
2006 Heliophysics
Roadmap
Definition Team 
Reports
Community Townhall 
Meeting

FY 2009 President’s 
Budget
Existing Launch 
Schedule
LWS and STP 
Program Objectives
Technology 
Requirements

Recent Progress
Missions in Operation
(System Observatory)

Planned Missions
(Missions in Development)

Community Townhall 
Meeting
Evaluation Factors
Reference Architectures
Cost Category
Launcher Requirements

Origins of Near 
Earth Plasma (ONEP)

Solar Energetic 
Particle Accelera-
tion and Transport 
(SEPAT)

Ion-Neutral 
Coupling in the 
Atmosphere 
(INCA)

Climate Impacts 
of Space 
Radiation (CISR)

Dynamic 
Geospace 
Coupling (DGC)

Heliospheric 
Magnetics (HMag)

Program Elements

  Program

  Program

  Program

  Observatory

   Missions

   Research

   Access to Space

  Development

Understand the 
Sun and its effects 
on Earth and the 
solar system to 
advance scientific 
knowledge and to 
enable improved 
space weather 
predictions.

Open the 

Prediction

Understand the 
Nature of Our 
Home in Space

Safeguard the 
Journey of 

   Investigations

Identify Open 
Science Questions

Fundamental 
Processes

Societal 
Relevance

To Pioneer the 

Future in Space 

Exploration, 

Scientific Discovery, 

and Aeronautics 

Research.

Carry out missions 

of scientific discov-

ery to advance and 

communicate 

knowledge of the 

Earth, the solar 

system, and the 

universe.

Inputs
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Science Flow From Objectives to Implementation
Th e Heliophysics Division science objectives are parsed into three general areas: 

F (Frontier), H (Home), and J (Journey). Four Research Focus Areas comprise each 
as discussed in Chapter 1. From these fl ow a set of Investigations. Th ese Investiga-
tions do not map one to one with the Research Focus Areas, but are derived from 
the RFAs and the 2003 Decadal Survey Challenges. Th e Investigations are further 
divided into two groups, those appropriate for funding through the STP mission 
line addressing fundamental processes, and the LWS mission line addressing science 
of societal relevance. Th e science objectives for each of the science Targets can thus 
be traced backward to higher level science objectives. Th e science objectives will 
provide guidance to proposers in the Explorer Program as well.
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Safeguard the Journey 

of Exploration

   J1: Characterize Environments

      J2: Predict Origin and Onset

         J3: Predict Propogation
     and Evolution

            J4: Predict Space
      Weather Effects

Open the Frontier to 

Space Weather Prediction

   F1: Magnetic Reconnection

      F2: Particle Acceleration

         F3: Plasma—Neutral 
               Interactions

            F4: Magnetic Dynamos

  

  

  
 

  
 

Understand Our Home 

in Space

   H1: Causes of Solar Activity

      H2: Changes of Earth’s 
             Space Environment

         H3: Coupling to Earth’s
        Atmosphere

            H4: Apply Our 
        Understanding

Research and Analysis 
Modeling

New Theories
Space Weather

Applications

Fundamental Processes

processes and topologies of magnetic 
reconnection?

heated and accelerated?

accelerated and transported?

and ionized species?

atmospheres respond to external drivers 
and to each other?

why do they vary so widely across the 
solar system?

solar dynamos and how does it produce 
the solar cycle?

fundamental to the formation of 
habitable planets and life?

disturbances?

— heliosphere system?

propagate and evolve through the solar 
system?

interstellar medium interact?

from the heliosphere to a planetary 
environment?

flows in the behavior of planetary 
environments?

What is responsible for the dramatic 
variability in many of the state variables 
describing the ITM region?

ionosphere-thermosphere systems 
interact with each other?

energy output affect Earth’s climate?

Interconnection Pathways

Theory and Technology 
Development Validation via 

Laboratory Experiments 
and Suborbital Program
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A program that achieves the science objectives of the Heliophysics Division 

requires a strategy that leverages all the program elements of the Heliophysics 

Division. Th ese include the explicitly budgeted STP, LWS and Explorer mission 

lines and the Heliophysics System Observatory funded through the Supporting 

Research and Technology program. For each of these elements we discuss how 

existing missions, missions in development and new science targets are/will 

address the open science questions fl owing from the science goals of the RFAs, 

and Investigations described in Chapter 2 and Appendix A. Each program 

element has a critical role in implementing the science-based launch queue 

strategy, the basis of this Roadmap.

Chapter 3
THE HELIOPHYSICS PROGRAM ELEMENTS
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The Heliophysics Program Elements 
Th e Heliophysics Program Elements are the Solar Terrestrial Probes, Living 

with a Star and Explorer fl ight missions lines and six Supporting Research and 
Technology Programs. Th ey are all critical to the development and unifi ed scientifi c 
understanding of the Heliophysics System. Partnerships with other national and 
international agencies and within NASA provide important opportunities to meet 
shared science goals to the benefi t of the nation.

Th is chapter describes the Program Elements and their relationship to the sci-
ence goals and objectives of Heliophysics reviewed in Chapters 1 and 2 and how 
they will work together to implement the new science strategy in this Roadmap. 
Th e state of the discipline and the process for developing the Open Science Ques-
tions and their prioritization was described in Chapter 2. Th is chapter defi nes each 
of the programs and shows how the open science questions are being addressed. 
Th e description begins with a review of the currently operating missions, missions 
in development and new strategic science targets in the STP and LWS strategic 
mission lines and relevant aspects of the Explorer mission line. Th eir relationship 
to the science fl owdown is a key element in the logical framework of the Roadmap. 
Th e chapter also reviews the Supporting Research and Technology programs and 
how they support the Roadmap strategy.

We end up with a set of six new science Targets along with a launch sequence 
and cadence recommended for their implementation. Only science objectives are 
given. We neither describe specifi c mission architectures, point designs, nor mission 
implementation approaches. Rather we recommend a competitive procurement 
process be initiated when the Division is ready to procure the next science Target 
in the queue. A detailed discussion of Target science is in Chapter 4. 

The Heliophysics Resources and Approach
Th e observational and functional resources of the Division are listed in the 

accompanying chart. Th e major observational resource, the HSO, and the func-
tional resources are devoted to observation and study of the Heliophysics system to 
accomplish desired outcomes. Th is graphic is intended to stress the interdependence 
not only of the science but also the means to achieving successful scientifi c progress. 
Each of these resources will be touched upon in this chapter.

applied to...

Heliophysics 

System

yields...

 - Space Weather 
   - Climate

Heliophysics Research Program

Program Elements
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The Flight Programs

The fl ight elements of the program include the STP, LWS, and Explorer missions. 

Missions in each of these categories include missions currently in formulation or in 

development that address compelling science objectives deemed to be essential 

for meeting the Heliophysics goals. The science objectives for each of these 

missions and the recommended new science Targets fl ow down from higher level 

goals and objectives.

In the study of Heliophysics, these missions trace the fl ow of energy, mass and 

momentum through regions and across boundaries within the heliosphere. 

Predominantly, the fl ow and transfer originates within the Sun’s interior, crosses 

interplanetary space, penetrates planetary magnetospheres and fi nds a sink in 

planetary upper atmospheres, or propagates out to the edges of our solar system 

where it interacts with the interstellar space. To emphasize the system aspects 

of our discipline, we ascribe four components in a conceptual framework to this 

networked fl ow of energy, mass, and momentum. The Sun can be thought of as 

the source, the interplanetary space as the conduit, the magnetosphere as the 

regulator, and the planetary ionospheres-thermospheres as the sinks. We use 

this nomenclature in our graphics to indicate the scientifi c center of gravity of the 

missions realizing that there is signifi cant overlap which we have tried to indicate 

by the proximity of the icons to the boundaries.

The following sections show the science fl owdown for all missions, including 

operating missions, missions in formulations and development or planned future 

science Targets and their intended launch dates based on FY 2009 budget 

information. The color of the string in the balloon charts indicates the status of 

the mission. The green is used for new Targets. Other colors indicate operating 

and missions in development. The fl owdown charts list the Priority Investigations 

from Chapter 2 in the fi rst column. The second column lists the top Open Science 

Questions for each of the Investigations being addressed by the missions listed in 

column 3.
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The STP program explores fundamental solar and space 
physics processes occurring within the solar system and 
how those affect the nature of our home in space.

The goal of the STP program is to understand the fundamental physical processes 

that determine the mass, momentum, and energy fl ow in the solar system from 

the Sun, to planetary bodies including Earth, and to the interstellar boundary. The 

Earth and Sun are linked together to form the system that has given origin and 

sustenance to our lives.  STP missions study this system for insight concerning 

how the system evolved, what will happen in the future, and this will affect us.  

Successive missions target the “weakest links” in the chain of understanding.  The 

missions use a creative blend of in situ and remote sensing observations, often from 

multiple platforms.

The objectives of the STP program are to:
1.  Understand magnetic dynamos, reconnection, heating, and particle acceleration.

2.  Understand the coupling of charged and neutral particles, and

3.  Understand how the dynamic nature of the electromagnetic and plasma space 

environment determines the nature of our home in space and other planetary 

systems.
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Solar Terrestrial Probes Flight Program
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Missions Currently in Development

Magnetospheric Multiscale (MMS) Mission 
Understand the microphysics of magnetic reconnection. 

Th e MMS mission will use Earth’s magnetosphere as a laboratory to study the 
microphysics of magnetic reconnection, a fundamental plasma-physical process that 
converts magnetic energy into heat and the kinetic energy of charged particles. In 
addition to seeking to solve the mystery of the small-scale physics of the reconnection 
process, MMS will also investigate how the energy conversion that occurs in magnetic 
reconnection accelerates particles to high energies and what role plasma turbulence 
plays in reconnection events. Th ese processes—magnetic reconnection, particle accel-
eration, turbulence—occur in all astrophysical plasma systems but can be studied in 
situ only in our solar system and most effi  ciently in Earth’s magnetosphere, where they 
control the dynamics of the geospace environment and play an important role in the 
phenomena known as “space weather.” Th e MMS mission is comprised of four identi-
cally instrumented spacecraft that measure particles, fi elds, and plasmas.

What are the 
fundamental physical 

processes and topologies 
of magnetic reconnection?

What are the fundamental physical processes of reconnection? 

Inventory the mechanisms leading to reconnection on the Sun. 
Where are they located? Where are the acceleration regions? Hinode

Understand the microphysics of magnetic reconnection by determining the 
kinetic processes responsible, especially how reconnection is initiated. MMS

How are plasmas and charged 
particles heated and accelerated?

How are charged particles accelerated & decelerated? 

Determine how particles are accelerated through magnetic reconfi guration MMS

How is the solar wind accelerated?

What are the sources of energy for solar wind acceleration? 

Investigate the interaction between the Sun’s magnetic fi eld and the corona Hinode

Where does solar wind acceleration occur?   

Mechanisms of particle acceleration in the low corona and the 
interplanetary medium STEREO

How do coupled middle and upper 
atmospheres respond to external 

drivers and to each other?

Determine the internal coupling processes within the ITM system and the 
mediation and control of energy and momentum transfer 

Chemical pathways to radiation processes and global energy balance  TIMED

Response to geomagnetic storms and solar variability  

Determine the atmospheric response to energetic particles, electromagnetic 
radiation, and chemical transport   

Solar spectral irradiance and variability TIMED

What are the precursors 
to solar disturbances?

Are there precursors in the surface magnetic & fl ow fi elds? 

Determine which surface fi eld confi gurations are most likely to fl are Hinode

Temporal changes preceding large fl ares & fi lament eruptions Hinode

Magnetic energy storage in the corona from photospheric fi eld 
extrapolations Hinode

How do solar wind 
disturbances propagate and 

evolve through the solar system?

How do solar disturbances create particle radiation hazards?

Global structure of CMEs and other transients, and how they evolve STEREO

Open STP Science Issues Currently Targeted
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Recommendations for Solar Terrestrial Probe Program

Origin of Near-Earth Plasma (ONEP)
Understand the origin and transport of terrestrial plasma from its source to the 
magnetosphere and solar wind.

Plasma of ionospheric origin is now widely recognized as a critical constituent 
of magnetospheric dynamics, providing the primary source of plasma for the ring 
current and plasma sheet during active conditions. Th e key unknown is how this 
plasma is heated and accelerated so that it may escape Earth’s gravitational bounds.

Candidate heating processes include Joule dissipation through ion-neutral colli-
sions, energetic particle precipitation, and wave heating. Information is needed 
on the sources of energy, the heating and dissipation processes, and characterization 
of the modes of energy transfer from above and below.

Solar Energetic Particle Acceleration and Transport (SEPAT)
Understand how and where solar eruptions accelerate energetic particles that 
reach the Earth. 

Solar activity is often linked to the release of highly energetic particles, includ-
ing heavy ions. Th e origin and the mechanisms that accelerate particles to high ener-
gies close to the Sun are neither fully identifi ed nor understood. Heavy-ion charge 
states form an equilibrium shaped by the constant interaction with electrons in the 
strong solar magnetic fi elds. Th ey are a unique identifi er for the site of acceleration 
and processes between the Sun and the spacecraft.

A strategy for a breakthrough in the area of solar particle acceleration is 
a mission that can separate the eff ects of particle transport from pure acceleration 
signatures. Th us, in situ measurements of energetic particles from multiple vantage 
points in the inner heliosphere, coupled with advanced particle transport modeling 
and theory, are needed to resolve this long-standing problem.

Ion-Neutral Coupling in the Atmosphere (INCA)
Understand how neutral winds control ionospheric variability. 

Measurements of neutral winds are crucial for understanding ionospheric 
variability; the paucity of such measurements represents the greatest experimental 
impediment to progress. Previous missions discovered that coupled parameters must 
be measured to understand the system and showed that the ion and neutral motions 
depend on prior history of the system, not just the present state.

Th ere are almost no observations of the ionospheric density, composition, 
and the altitude variation of the neutral winds below 250 km. At low latitudes near 
300 km, there are indications that the variability about the mean value is of the 
same order as the mean value itself. At high latitudes near 300 km, the neutral winds 
appear to be strongly driven by collisions with ions and electrodynamic 
coupling to the magnetoshphere.

Recommended Mission Class: Small

Recommended Mission Class: Small

Recommended Mission Class: Medium

Solar Terrestrial Probes Flight Program
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How are plasmas and charged 
particles heated and accelerated?

How are energetic particles transported?

How and where solar eruptions accelerate the energetic 
particles that reach Earth STP #6

SEPAT

How are planetary 
thermal plasmas accelerated 

and transported?

What determines the composition of upwelling and escaping ionospheric plasma?

Determine the dissipation processes that heat ionospheric plasmas 
and the coupling processes that affect planetary ionosphere scale 
heights 

STP #5
ONEP

What governs the coupling of 
neutral and ionized species?

How are dynamo potentials produced in interaction of atmospheres 
and magnetized thermal plasmas? 

Variability in the terrestrial wind dynamo and ionosphere
STP #7
INCA

How do coupled middle and upper 
atmospheres respond to external 

drivers and to each other?

Determine the internal coupling processes within the ITM system 
and the mediation and control of energy and momentum transfer 

Neutral winds, disturbance dynamo, and equatorial electrojet
STP #7

Solar Terrestrial Probes Flight Program

Highest Priority STP Science Issues Currently Targeted
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Living With a Star Flight Program

The Living With a Star (LWS) program was initiated in 2001 to 
develop the scientifi c understanding to address the aspects 
of the connected Sun-Earth system that affect life and society. 
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The LWS program targets specifi c aspects of the coupled Sun-

Earth-planetary system in a coordinated fashion that affect life 

and society and that enable robotic and human exploration of 

the solar system.

The LWS program emphasizes the science necessary to 

understand those aspects of the Sun and the Earth’s space 

environment that affect life and society. The ultimate goal is to 

provide a predictive understanding of the system, almost to the 

point of predictability, of the space weather conditions at Earth as 

well as the interplanetary medium. LWS missions are formulated 

to answer the specifi c questions needed to understand the 

linkages among the interconnected systems that impact us. 

LWS products impact technology associated with space systems, 

communications and navigation, and ground systems such as 

power grids. Its products improve understanding of the ionizing 

radiation environment, which has applicability to human radiation 

exposure in the Space Station, to high altitude aircraft fl ight, and 

to future space exploration with and without human presence. Its 

products impact life and society by improving the defi nition of solar 

radiation that is a forcing function for global climate change, surface 

warming, and ozone depletion and recovery. 

The goal of the LWS program is to understand aspects of the 

interconnected regions of space, from the Sun’s interior through 

interplanetary space, down to planetary atmospheres that 

affect life and society, in order to enable the development of a 

predictive capability of space environments.

The objectives of the LWS program are to: 
1.  Understand how the Sun varies and what drives solar 

variability, 

2.  Understand how the Earth and planetary systems respond 

to dynamic external and internal drivers, and 

3.  Understand how and in what ways dynamic space 

environments affect human and robotic exploration 

activities.
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Missions Currently in Development

Solar Dynamics Observatory (SDO)
Understand the Sun’s infl uence on Earth and near-Earth space by studying the solar 
atmosphere on small scales of space and time and in many wavelengths simultaneously.

SDO’s goal is to understand, driving towards a predictive capability, the solar 
variations that infl uence life on Earth and humanity’s technological systems by 
determining how the Sun’s magnetic fi eld is generated and structured, and how this 
stored magnetic energy is converted and released into the heliosphere and geospace 
in the form of solar wind, energetic particles, and variations in the solar irradiance. 
SDO will study how solar activity is created and how Space Weather emerges as a 
product of that activity. Measurements of the interior of the Sun, the Sun’s magnetic 
fi eld, the hot plasma of the solar corona, and the irradiance that creates the iono-
spheres of the planets are our primary data products.

Radiation Belt Storm Probes (RBSP)
Understand how populations of relativistic particles in space form or change in response 
to inputs from the Sun.

Th e RBSP mission will provide unprecedented insight into the physical dynam-
ics of the radiation belts and give scientists the data they need to make predictions of 
changes in this critical region of space. Two spacecraft will orbit the Earth, sampling 
the harsh radiation belt environment where major space weather activity occurs and 
many spacecraft operate. Th e two spacecraft will measure the particles, magnetic and 
electric fi elds, and waves that fi ll geospace. Only with two spacecraft taking identical 
measurements and following the same path can scientists begin to understand how 
the belts separately change in both space and time.

Solar Orbiter
Discover the inner heliosphere and the unexplored polar regions of the Sun.

ESA’s Solar Orbiter mission is conceived to close within one-fi fth of Earth’s 
distance from the Sun to perform a close-up study of our Sun and inner heliosphere. 
At these distances, the spacecraft will be closer to the Sun than any previous mission 
and for short periods will almost co-rotate with the surface of the Sun. Th e goals of 
this mission are to determine in situ the properties and dynamics of plasma, fi elds, 
and particles in the near-Sun heliosphere, to survey the fi ne detail of the Sun’s mag-
netized atmosphere, to identify the links between activity on the Sun’s surface and 
the resulting evolution of the corona and inner heliosphere, and to characterize the 
Sun’s polar regions and equatorial corona from high latitudes. 
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Solar Probe +
Discover why the solar corona is so much hotter than the photosphere, and how 
the solar wind is accelerated. 

Solar Probe + will approach as close as nine solar radii of the surface of the 
Sun, repeatedly sampling the near-Sun environment. By directly probing the solar 
corona, this mission will revolutionize our knowledge and understanding of coronal 
heating and of the origin and evolution of the solar wind, critical questions in helio-
physics that have been ranked as top priorities for decades. Two of the transforma-
tive advances in our understanding of the Sun and its infl uence on the solar system 
were the discovery that the corona is hundreds to thousands of times hotter than 
the visible solar surface (the photosphere) and the development—and observational 
confi rmation—of the theory of the corona’s supersonic expansion into interplan-
etary space as the solar wind.By making the fi rst direct, in situ measurements of the 
region where some of the most hazardous solar energetic particles are energized, 
Solar Probe + will make a fundamental contribution to our ability to characterize 
and forecast the radiation environment in which future space explorers will work 
and live.

Space Environment Testbeds (SET)
Th e SET project performs fl ight and ground investigations to characterize the 

space environment and its impact on hardware performance in space. A data analysis 
component supports the development of models, tools, and databases that describe 
hardware performance [in the presence of a satellite] delete in space. A space fl ight 
component supports investigations that lead to a physics-based understanding of the 
response of technical systems to the varying space environment.

Th e Balloon Array for RBSP Relativistic Electron Losses (BARREL)
BARREL is a balloon-based mission of opportunity to augment the measure-

ments of the RBSP mission. Th ere will be two campaigns of 5-8 long-duration 
balloons aloft simultaneously over a one-month period to provide measurements of 
the spatial extent of relativistic electron precipitation and to allow an estimate of the 
total electron loss from the radiation belts. Observations are planned for when the 
balloon-array will be conjugate with the RBSP spacecraft, such that direct compari-
son is possible between one another. Th e fi rst campaign is scheduled for 2012, the 
second for 2013.

Living With a Star Flight Program
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How are plasmas and charged 
particles heated and accelerated?

How are charged particles accelerated & decelerated?

Understand the mechanisms and importance of stochastic 
acceleration 

RBSP

Determine the importance of seed populations and how they are 
created 

RBSP

How is the solar wind accelerated?

Where does solar wind acceleration occur?

Distinguish accelerating processes on the Sun SO

Distinguish accelerating processes near the Sun in situ SP+

What is the fundamental nature 
of the solar dynamo and how does 

it produce the solar cycle?

What is the nature of subsurface fl ows and the subsurface magnetic fi eld? 

“Relative importance of the two most important regions of dynamo action, SDO

Determine the cause of the active longitudes and asymmetric 
hemispheres”

SDO

What are the precursors to solar 
disturbances?

Are there precursors observable beneath the solar surface?

Observe how the Sun’s magnetic fi eld is generated and structured 
in its interior and how stored magnetic energy in the corona is 
released into the heliosphere 

SDO

What is the magnetic structure 
of the Sun-heliosphere system?

What is the morphology of the heliospheric magnetic fi eld? 

Determine the origins of solar wind streams and the heliospheric 
magnetic fi eld

SO

How do solar wind 
disturbances propagate and 

evolve through the solar system?

How do solar disturbances erupt and propagate?

Understand the physical processes controlling the heating of the 
solar corona, the acceleration of the solar wind, and the magnetic 
release of eruptive activity

Solar 
Probe +

How do solar disturbances create particle radiation hazards?

Sources, acceleration mechanisms, and transport processes 
of solar energetic particles SO

What are the transport, 
acceleration, and loss processes 

that control the behavior of 
planetary magnetospheres?

Determine the mass input and acceleration/loss processes that control 
the dynamics of the inner magnetosphere.

Determine the major acceleration and loss process for the 
radiation belts. RBSP

How do long-term variations in 
solar energy output affect Earth’s 

climate? 

Measure the total solar irradiance and solar spectral irradiance as a function 
of wavelength and solar cycle

Solar X-ray and EUV Spectral Variation SDO

* Missions in bold are a “primary contributor”, and those in gray “partially contribute”.

Living With a Star Flight Program

Open LWS Science Issues Currently Targeted*
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Recommendations for Living With a Star Program 

Climate Impacts of Space Radiation (CISR)
Understand out atmosphere’s response to auroral, radiation belt, and solar energetic 
particles and the associated eff ects on ozone.

Generation of odd nitrogen in the thermosphere, especially at high latitude, 
is well known, but transport processes to the middle atmosphere are poorly under-
stood due to a paucity of measurements.

Changes of odd nitrogen and ozone in response to solar energetic particle 
events have been observed but are not yet understood. Radiation belt particles 
penetrate into the mesosphere but the causal linkage with middle atmospheric 
chemistry is speculative. Changes in ozone alter the thermal budget of the middle 
atmosphere so that a climate linkage is possible, but, without observations, this 
cannot be explored.

Dynamic Geospace Coupling (DGC)
Understand how magnetospheric dynamics provides energy into the coupled 
ionosphere-magnetosphere system.

Th e coupled ionosphere-magnetosphere system is highly nonlinear and 
dynamic. Scientists have catalogued the responses of diff erent parts of the system 
and the general nature of the connections between them. Yet the processes that con-
trol the coupling or how the dynamics of one region of this systems of systems drive 
the dynamics in other regions are not understood.

Th e next scientifi c step is to simultaneously probe the dynamics in the mag-
netosphere and ionosphere. Magnetospheric dynamics can be understood through 
in situ measurements across spatial scales characteristic of global circulation, while 
ionospheric dynamics can be remotely probed through auroral imaging. Auroral 
acceleration and heating change both ionospheric and magnetospheric currents 
as well as providing ionospheric plasma to the magnetosphere. Th e nature of these 
processes, their linked responses to solar wind driving, and the interrelationships 
between diff erent regions are the key to understanding dynamic geospace coupling. 

Heliospheric Magnetics (HMag)
Understand the fl ow and dynamics of transient activity from the solar interior to Earth.

Th e causes and eff ects of transient solar activity are a main focus on the path to 
identifying the precursors and impacts of major solar eruptions. Th e solar tachocline 
and convection zone are the origins of strong dynamo magnetic fi elds. Detailed 
understanding of magnetic fi eld formation and transport to the visible solar surface 
is crucial for the identifi cation of triggers of sudden solar activity. Trigger mecha-
nisms may then be linked with the propagation and evolution of existing plasma 
and fi elds in the solar corona and inner heliosphere. Th e synthesis of these elements 
leads to better physics-based predictive capabilities of space weather. A systematic 
approach is needed, one that combines the physics of the solar interior with the 
evolution of the inner heliosphere, ideally from a location that permits observations 
of the Sun-Earth line.

Recommended Mission Class: Small

Recommended Mission Class: Medium

Recommended Mission Class: Medium

Living With a Star Flight Program
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What is the fundamental nature 
of the solar dynamo and how does 

it produce the solar cycle?

What is the nature of subsurface fl ows and the subsurface magnetic fi eld? 

Properties of subsurface magnetic fi elds and characteristics of meridional 
fl ows LWS #9

What is the magnetic structure 
of the Sun-heliosphere system?

How does magnetic variation propagate through the heliosphere?

Understand how background magnetic fi elds infl uence the fl ow and 
dynamics of transient activity  

LWS #9

HMag

What are the transport, 
acceleration, and loss processes 

that control the behavior of 
planetary magnetospheres?

What are the processes that control the dynamics of the aurora?

Relationship of Alfven and electrostatic acceleration mechanisms 
and how they evolve LWS #8

How do the magnetosphere and 
the ionosphere-thermosphere 

systems interact with each other?

How does energy and momentum from the solar wind propagate downward 
through geospace to Earth? 

Understand how magnetospheric dynamics provides energy into the 
coupled ionosphere-magnetosphere system.

LWS #8

DGC

How do long-term 
variations in solar energy output 

affect Earth’s climate? 

Determine the atmospheric response to energetic particles, electromagnetic 
radiation, and chemical transport 

Understand our atmosphere’s response to auroral, radiation belt, 
and solar energetic partilees, and the associated effects on ozone

LWS #7

CSIR

* Missions in bold are a “primary contributor”, and those in gray “partially contribute”.

Living With a Star Flight Program

Highest Priority LWS Open Science Issues to Target*
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No longer in 
Operation

need verbiage 
here

Explorer Flight Program

The Explorer Program provides frequent fl ight opportunities 
for world-class scientifi c investigations from space to ad-
dress Heliophysics and Astrophysics Space Science goals.

The Explorers Program is the oldest continuous program in NASA. It is comprised of 

a series of space science missions that are independent, but share the effi ciencies 

of a common funding and management structure. The goal is to investigate 

focused Astrophysics and Heliophysics science that is driven by new knowledge, 

discoveries, and evolving science priorities using relatively low-cost, rapid-response, 

fully competed Principal Investigator (PI)-led missions.

The specifi c mission objectives are defi ned by the PIs in their proposals and are 

approved by NASA at Mission Confi rmation. The intent is to conduct scientifi c 

investigations of modest and focused programmatic scope that can be developed 

relatively quickly, generally in 36 months or less, and executed on-orbit in less than 

2-3 years.

The objectives of the Explorer program:

1. Are responsive to new knowledge, technology, and science priorities.

2. Are competed within the science community.

3. Occur with regularity and high frequency.

4. Are low-cost and have a short development cycle.

The Explorer missions are a 

regularly recurring opportunity 

to fl y exciting new missions, 

selected by peer review for the 

best science with a relatively 

short response time, utilizing 

state-of-the-art instrumentation. 

The regular launch cadence 

is vital for the progress of 

Heliophysics. The recent decline 

in the Explorer Program budget 

is refl ected in its lower launch 

cadence and adversely impacts 

the progress of Heliophysics 

science.
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Explorer missions play a major role in the ability of the Heliophysics Division 

to fulfi ll its objectives. The mission results fi ll important science gaps in 

the prescribed program. As such, it is an indispensable element of the 

strategic roadmap plan. These investigations target very focused science 

topics that augment, replace, or redirect strategic line missions. Highly 

competitive selection assures that the best strategic science of the day will 

be accomplished.

What are the fundamental physical 
processes and topologies of 

magnetic reconnection?

What are the magnetic fi eld topologies for reconnection? 

Discover the dynamics, scale size, and energy balance of distant 
magnetotail reconnection and turbulence processes. ARTEMIS

How is the solar 
wind accelerated?

What are the sources of energy for solar wind acceleration?

Study processes that acccelerate the solar wind and generate coronal 
mass ejections CPEXX

Reveal the dynamics of the solar chromosphere and transition region IRIS

 How do coupled middle 
and upper atmospheres 

respond to external drivers 
and to each other?

Understand the processes that couple the ITM system to the atmosphere and drive 
variability     

Understand the temperature and composition in the ionosphere including 
those induced by wave and tidal processes GOLD

Understand the global and local electrodynamics of the ITM system in 
response to geomagnetic dynamics

Global characteristics and small-scale physics of plasma irregularities CINDI

What is the composition of matter 
fundamental to the formation of 

habitable planets and life?

What is the composition of material entering, and interacting with, our solar s
ystem? (e.g., interstellar medium, galactic and anomalous cosmic rays)

Measure and compare the composition of several samples of matter, 
including the solar corona, the solar wind, and other interplanetary particle 
populations, the local interstellar medium, and galactic matter

ACE

What is the magnetic structure 
of the Sun-heliosphere system?

What is the role of the interstellar magnetic fi eld?

Determine the direction of the ISM fi eld and its infl uence on particle 
acceleration in the heliosheath  IBEX

How do solar wind 
disturbances propagate and 

evolve through the solar system?

How do solar disturbances erupt and propagate?

Propagation path and evolution of CMEs to 1 AU, including how these 
conditions evolve through the solar cycle ACE

How do solar disturbances create particle radiation hazards?

Investigate particle acceleration and energy release in solar fl ares RHESSI

How do the heliosphere and the 
interstellar medium interact?

What are the properties of the termination shock, heliopause, any bow shock, 
and the conditions of the local interstellar medium?    

Map the global properties of the termination shock and heliosheath. IBEX

What are the transport, 
acceleration, and loss processes 

that control the behavior of 
planetary magnetospheres?

Establish the global connectivities and causal relationships between 
processes in different regions of the Earth’s magnetosphere TWINS

Determine the processes that control mass and energy storage, conversion 
and release in the magnetotail

Substorm initiation location THEMIS

Relate the aurora to magnetospheric drivers. THEMIS

What is responsible for the 
dramatic variability of the 

Ionosphere-Thermosphere-
Mesosphere region?

Determine the seasonal dynamics of the Ionosphere-Thermosphere system 
driven by lower atmosphere processes. 

Discover how winds and the composition of the upper atmosphere 
drive the electrical fi elds and chemical reactions that control the Earth’s 
ionosphere  

NICE

How do long-term 
variations in solar energy 

output affect Earth’s climate?

Quantify solar cycle and secular change in the middle atmosphere, 
thermosphere, and ionosphere    

Determine why polar mesospheric clouds form and vary  AIM

* Missions in bold are a “primary contributor”, and those in gray “partially contribute”.

Open Explorer Science Issues Currently Targeted*
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The Heliophysics System Observatory

The HSO is a fl eet of widely deployed solar, heliospheric, geospace, and planetary 

spacecraft that work together to discover the fundamental physical processes at 

work throughout the complex, coupled system. Although not an explicit budget 

line item, it is nevertheless a central program element in the Integrated Research 

Strategy of the 2003 Decadal survey and in this roadmap. 

The HSO enables the study of system science from the diverse measurements 

across distributed spatial scales that are linked by a variety of improving models 

that fi ll in the gaps of our observations and validate our theoretical understanding 

of Heliophysics. Ultimately a combination of Heliophysics knowledge and a healthy 

HSO will facilitate an operational capability to predict space weather. The HSO arose 

without intentional planning from a series of individual missions, but opportunity 

exists now to deliberately evolve this distributed observatory to better meet the 

needs of Heliophysics and the Vision for Space Exploration.

Heliophysics System Observatory
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What are the fundamental 
physical processes and topologies 

of magnetic reconnection?

What are the magnetic fi eld topologies for reconnection?

Quantify the characteristics of reconnection (i.e. scale sizes, geometries, 
candidate processes, locations, consequences, and frequencies of 
occurrence).

Several 
Missions

How are plasmas and 
charged particles heated 

and accelerated?

How are charged particles accelerated & decelerated?

Understand the mechanisms and importance of diffusive shock 
acceleration

Several 
Missions

How are energetic particles transported?

Connect the particles producing solar radio bursts back to the corona RHESSI

Determine acceleration mechanisms for anomalous and galactic cosmic 
rays

Voyager, 
IBEX

How are planetary 
thermal plasmas accelerated 

and transported?

How are thermal plasmas accelerated and transported by electromagnetic fi elds?

Determine role of induction fi elds and wave heating processes THEMIS

What determines the composition of upwelling and escaping ionospheric 
plasma? 

Determine the drivers of energy deposition Cluster

What is the composition of matter 
fundamental to the formation of 

habitable planets and life?

What is the composition of particles eminating from the Sun?

Solar energetic particle abundances and solar wind CNO charge-state 
separation

Several 
Missions

What are the precursors to solar 
disturbances?

Are there precursors observable beneath the solar surface?

Understand the causes and mechanisms of CME initiation and 
propagation SOHO

What is the magnetic structure of 
the Sun-heliosphere system?

What is the relationship between closed and open fl ux? 

Discover whether open fl ux can disconnect from the Sun in interplanetary 
space

Wind
STEREO

What is the role of the interstellar magnetic fi eld?

Determine the direction of the ISM fi eld and its infl uence on particle 
acceleration in the heliosheath Voyager

How do solar wind disturbances 
propagate and evolve through 

the solar system?

How do solar disturbances erupt and propagate 

Propagation path and evolution of CMEs to 1 AU, including how these 
conditions evolve through the solar cycle Wind

How do the heliosphere and 
the interstellar medium interact?

What are the properties of the termination shock, heliopause, any bow shock, 
and the conditions of the local interstellar medium? 

Discover the properties of the termination shock Voyager

How are mass and energy 
transferred from the heliosphere to 

a planetary magnetosphere?

What are the the relative contributions of processes which transfer particles 
and energy across magnetospheric boundaries 

Mechanisms controlling the entry and transport of plasma into the 
magnetosphere Geotail

Three-dimensional studies of plasma structures at the bow shock, 
magnetopause, dayside cusp, magnetotail and solar wind Cluster

* Missions in bold are a “primary contributor”, and those in gray “partially contribute”.

Additional Open Science Issues that can be addresses by extending current assets.*
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The Evolving Heliophysics System Observatory
Th e HSO will continue to evolve as new spacecraft join and older ones retire or 

change their operating modes. Missions both in their prime phase and in extended 
phases (supported by the Heliophysics Mission Operations and Data Analysis 
(MO&DA) program) provide the variety of observation posts needed to study Sun-
solar system connections. A great strength of this fl eet is that it is regularly evaluated 
and reviewed to maximize the return on Agency investments. Th is Senior Review 
process determines which spacecraft are most necessary to meet the needs of the 
Heliophysics program as defi ned by the community-developed Strategy Roadmap. 
Th e criteria for continuation include relevance to the goals of the Heliophysics 
Division; impact of scientifi c results as evidenced by citations, awards, and press 
releases; spacecraft and instrument health; productivity and vitality of the science 
team (such as high quality and impact published research, training of younger 
scientists, education and public outreach); promise of future impact and productiv-
ity (due to uniqueness of orbit and location or solar cycle phase for example); and 
broad accessibility and usability of the data.

Th e HSO of the future will of course change as old missions are retired and 
new ones are launched. We have inherited a very capable suite of satellites. It is 
important to keep in mind that regardless of the great assets presently in space for 

Missions In Development Future Priority Science
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the study of our discipline, they are all temporary. Th e Open Science Questions 
are many and a continued distributed observing capability will be required into the 
foreseeable future. New missions are needed and they are needed in a timely man-
ner. Launches must occur with a reasonable frequency and new approaches must be 
used to lengthen the lifetime of newly launched missions. In this way can we meet 
the goals, aspirations and potential of Heliophysics.

The Heliophysics System Observatory

What are the fundamental physical 
processes and topologies of 

magnetic reconnection?

What are the fundamental physical processes of reconnection?

Microphysics of reconnection at the Sun: Do the processes differ from 
those at Earth? What triggers fast reconnection in large fl ares?

Remaining to 
be addressed

How do the large-scale topologies of magnetic reconnection affect 
microphysical processes, and vice-versa?

Cross-
Scale/

SCOPE

How is the solar 
wind accelerated?

What is the role of waves and dissipation in solar wind acceleration?

Understand the energy dissipation modes that dominate heating Remaining to 
be addressed

Determine the importance of small-scale magnetic reconnection Remaining to 
be addressed

What is the composition of matter 
fundamental to the formation of 

habitable planets and life?

What is the composition of material entering, and interacting with, our solar system? 
(e.g., interstellar medium, galactic and anomalous cosmic rays)

Determine the composition of low-energy galactic cosmic rays, the local 
interstellar plasmas, and interstellar dust populations 

Interstellar 
Probe

What are the precursors 
to solar disturbances?

Are there precursors in the chromosphere and corona?

Magnetic energy storage in the corona from chromospheric, transition 
region or coronal fi eld measurements Solar C

How do solar wind disturbances 
propagate and evolve through the 

solar system?

How do solar disturbances erupt and propagate?

Evolution of source conditions eruptions over the 3-D Sun and inner 
heliosphere

Remaining to 
be addressed

Impact of CMEs and other solar wind disturbances on the global 
heliosphere

Remaining to 
be addressed

How do solar disturbances create particle radiation hazards?

Discover which magnetic and shock structures in the corona accelerate 
energetic electrons

Remaining to 
be addressed

How do the heliosphere and the 
interstellar medium interact?

What are the properties of the termination shock, heliopause, any bow shock, 
and the conditions of the local interstellar medium?  

Discover the properties of the local interstellar medium, how it changes 
with time, and determine the implications for our solar system

Interstellar 
Probe

Determine whether the termination shock or heliosheath accelerates 
anomalous cosmic rays

Remaining to 
be addressed

How are mass and energy 
transferred from the heliosphere to 

a planetary magnetosphere?

What is the global response of the magnetosphere and aurora to the solar wind? 

What controls mass and energy transfer at other magnetospheres.

Impact of magnetosphere size, rotation rate, orientation and solar wind 
IMF on the transfer of mass and energy

Remaining to 
be addressed

What is responsible for the 
dramatic variability of the 

Ionosphere-Thermosphere-
Mesosphere region?

Discover the connections between spatial and temporal scales 
in the Ionosphere-Thermosphere system. 

Understand the electrodynamics that couple the magnetosphere and 
ionosphere-thermosphere.

Remaining to 
be addressed

How do the magnetosphere and 
the ionosphere-thermosphere 

systems interact with each other?

How does energy, mass and momentum propagate upward through geospace? 

Poleward transport of ionospheric plasma energizing magnetic storms

Remaining to 
be addressed

Temporal/spatial distribution of ion outfl ow

Dependence of heating rates/outfl ow on scale size of magnetospheric 
input, solar fl ux

Open Science Issues left for Future Explorers or Partnership Initiatives



62   Heliophysics / Solar & Space Physics in a New Era

DRAFT 04/21/09

Role of Partnerships

The urgent need for progress across a range of topic areas coupled with limitations 

of resources underscores the value of partnerships to increase scientifi c return. 

Partnerships with other Divisions within NASA, with other government agencies, 

and with international partners have already demonstrated their value in missions 

such as Messenger, CINDI/CNOFS, and Cassini. Some opportunities for future 

collaboration are highlighted here.

Intra-NASA Partnerships
Heliophysics benefi ts from missions in the Planetary Science Division and the 

Exploration Systems Mission Directorate (ESMD). New opportunities are clearly 
evident in the ESMD Lunar Reconnaissance Orbiter (LRO). It is the fi rst mission 
in NASA’s plan to return to the Moon and then to travel to Mars and beyond. LRO 
will launch in 2009 with the objectives of fi nding safe landing sites, locate potential 
resources, characterize the radiation environment, and demonstrate new technology.

Lunar Atmosphere and Dust Environment Explorer (LADEE) will orbit the 
Moon and its main objective is to characterize the atmosphere and lunar dust 
environment and “determine the global density, composition, and time variability of 
the fragile lunar atmosphere before it is perturbed by further human activity.” [Th e 
NRC’s report, Th e Scientifi c Context for the Exploration of the Moon (NRC, 2007)]

Th e Mars Program has planned launches throughout the coming decade to 
study the geology and atmosphere of Mars. Th e Mars Science Laboratory (MSL) 
and Mars Aeronomy missions are of particular relevance.

National Agency Partnerships
Recently, heliophysics instruments addressing some of the scientifi c goals enun-

ciated in this roadmap have found ride opportunities on non-NASA payloads. Two 
Wide-Angle Imaging Neutral-Atom Spectrometers (TWINS) will enable the three-
dimensional visualization and the resolution of large-scale structures and dynam-
ics within the magnetosphere for the fi rst time. In collaboration with the U.S. Air 
Force, the Coupled Ion Neutral Dynamic Investigation (CINDI) was supplied by 
NASA as part of the payload for the Air Force C/NOFS satellite. CINDI is investi-
gating the study of unique plasma bubbles that have the potential to disrupt critical 
radio signals.

Commercial Ride Opportunities
Th e commercial space market provides about half of the global demand for 

launch vehicles. Th e 2004 FAA/COMSTAC forecast of commercial demand indi-
cates that the launch rate will remain static at ~22 per year from 2000 until 2013. 
Some of the launch organizations have indicated a willingness to accommodate 
piggy-back science payloads on their spacecraft. Th is could be an important route to 
orbit for some Heliophysics payloads.

Lunar Reconnaissance Orbiter (LRO)

Mars Missions Beyond 2009

Air Force Communication/Navigation Outage 

Forecast System (C/NOFS) Satellite
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Potential International Partnerships
Th e International Living With a Star (ILWS) program was established in Janu-

ary 2002 by the Interagency Consultative Group (IACG). Th e charter for ILWS is 
to “stimulate, strengthen, and coordinate space research to understand the governing 
processes of the connected Sun-Earth System as an integrated entity.” More than 25 
contributing organizations are listed at http://ilws.gsfc.nasa.gov. ILWS off ers opportu-
nities for cooperation between national space agencies for spacefl ight opportunities. 

Foreign contributions to NASA payloads, such as the Huygens lander on the 
Cassini mission or the joint development of the SOHO or Hinode missions, have 
signifi cantly improved the quality of many science missions. Strengthening the tech-
nical teamwork between the United States and our partners permits activities that 
could not be achieved separately. Examples of potential international partnerships 
are listed below.

JAXA is considering a follow-on to the highly successful Hinode mission. Two poten-
tial science issues are under consideration: Option A: out-of-ecliptic observations of 
the Sun’s polar and equatorial regions to investigate properties of the polar dynamo, or 
Option B, high spatial resolution, high throughput, high cadence spectroscopic obser-
vations to investigate the magnetism of the Sun and its role in heating the solar corona.

Th e Cross-Scale and SCOPE missions will investigate the dynamics of space plasma 
interactions by simultaneously measuring those plasma characteristics at three length 
scales – electron kinetic (10 km), ion kinetic (100s km), and magneto-hydrodynamic 
fl uid scales (1000s km) at the Earth’s bow shock and magnetosheath, and within the 
Earth’s magnetotail. Cross-Scale is led by ESA, and SCOPE by JAXA. Together these 
missions seek to understand the interactions between nonlinear phenomena operating 
between these scale lengths.

Th e Outer Radiation Belt Injection, Transport, Acceleration, and Loss Satellite 
(ORBITALS) is a CSA-sponsored mission to understand the acceleration, global 
distribution, and variability of energetic electrons and ions in the inner magnetosphere. 
Together with other ILWS missions, such as NASA’s RBSP, ORBITALS will provide a 
unique and global view of the inner magnetosphere.

A science investigation to explore the interstellar boundary was ranked highly by the 
Roadmap committee. But the cost of implementing a mission to meet the science 
objectives would exceed the resources of the Division without undermining the central 
theme of the roadmap, which is system science. Hence, a partnership may be the best 
way to achieve the science objectives.

Th e next logical step in exploring the unknown would be to sample directly the 
interstellar medium that lies beyond the extended solar atmosphere. Th e solar wind 
and magnetic fi eld keep the unique plasma of the interstellar medium outside the 
heliosphere. A partnership mission to interstellar space would continue the tradition 
of Explorer 1 by sampling a widely unknown medium with its unique dynamics and 
composition. It would also allow us for the fi rst time to access the regime of low-energy 
cosmic rays that helps us understand cosmic particle acceleration processes. 

 

SOLAR-C

CROSS-SCALE/SCOPE

ORBITALS

INTERSTELLAR PROBE
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The Supporting Research programs for the Heliophysics Division form the bedrock 

from which new knowledge and understanding fl ow, and enable the ultimate 

prediction of space environments. Here, we describe the objectives for each of the 

programs and the specifi c role each plays in the integrated program of the Division. 

The research programs are the Guest Investigator (GI), the LWS Targeted Research 

and Technology (TR&T), the Supporting Research and Technology (SR&T), and the 

Theory Program. Investment in the technology needed to make the measurements 

and manage the data required to answer the unresolved questions are made 

through the SR&T (instruments), TR&T (models) programs.

The cycle on this page illustrates the functions of the programs in the scientifi c 

method. It reinforces the concept of an integrated research process—a central 

theme of the Division. A careful allocation of resources across the full set of 

programs is needed to maintain the effectiveness of the cycle.

SR&T Contributions 

to Scientific Process

 Achievement of the Goal

Strategic
Goal

Understanding

New

Theory

Refined

Questions

Validation via

Laboratory/

Suborbital Program

Mission Specific

Data Analysis

Theory/Technique/

Instrument

Development

Flight

Program

Recommendations for Supporting 
Research Programs
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Theory Program
Th e Th eory program is the intellectual compass of the program. It leads the 

way to new understanding of previous investigations and drives the science con-
cepts for future strategic missions. Th e Th eory program supports large PI-proposed 
team eff orts that require a critical mass of expertise to make signifi cant progress in 
understanding complex physical processes with broad importance. It is expected that 
this program will support the six high-priority science Targets in the recommended 
science queue.

Supporting Research and Technology
Th e SR&T program is the forward planning arm of the Heliophysics research 

program. Results of investigations in the program guide the direction and content 
of future science missions. Th e primary components are R&A, instrument develop-
ment, and low-cost access to space (LCAS). Th e R&A component provides theory 
and model development and the analysis of spacecraft data. Th e instrument concept 
development is closely tied to R&A. Its purpose is twofold—quick transition of new 
technology or instrumentation ideas into eff ective tools for the fl ight program and 
reduction of development costs for missions in development. Th e LCAS program 
uses rockets and balloons for the advancing the readiness level of instruments and 
produces cutting-edge science discoveries in important areas of Heliophysics. 

Guest Investigator
Th e GI program is a critical component of Heliophysics System Observatory. 

Th e GI addresses science questions using data from the HSO. Th e GI program 
enables a broad community of Heliophysics researchers in universities and institu-
tions to use the HSO data in innovative scientifi c investigations pursuing the goals 
of this roadmap. Th e focus of competitively selected research continuously evolves 
to ensure that the most important questions are addressed.

Targeted Research and Technology
Th e LWS TR&T component uniquely satisfi es two critical LWS needs—it 

addresses unresolved questions that cross the usual boundaries between scientifi c dis-
ciplines and between research techniques, and it develops the specifi c, comprehen-
sive models focused to understand Heliophysics as a system, in particular those that 
have an applied aspect such as space weather operational forecasting and nowcasting. 
Th e targeted questions are recommended on an annual basis by a TR&T Steering 
Committee. Th e specifi c models that are supported are made available for use by the 
community via strategic tools (e.g., at the Community Coordinated Modeling Cen-
ter. (CCMC) for use by the scientifi c community and for evaluation for potential 
transition to operations.
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Virtual Observatories
Th e Virtual Observatory (VO) program is designed to develop an integrated 

approach to scientifi c R&A by enabling the use of diverse datasets via the Web in an 
easily accessible way. Th is approach will reduce the exclusivity of NASA mission data 
and associated data products including models and theoretical predictions. Th e VO 
data and products are co-located with the relevant expertise, but accessible to the 
entire community. Th e VOs are a whole new approach in the curation of these data 
assets, which is essential in advancing our understanding of the Heliophysics system.

Mission Operations and Data Analysis
Progress in space science is sparked by observations, which also provide the 

“ground truth” to test simulations and models. It is essential that observations be 
properly recorded, analyzed, released, and documented, and rapidly turned into 
scientifi c results. Stringent budget environments and associated declining budgets 
have been somewhat compensated by improvements in information technology 
making data analysis more effi  cient; however, the full spectrum of operations and 
data analysis for missions extends well beyond data analysis.

For Heliophysics missions, the science teams must ensure well-calibrated data 
throughout the operational phase of the mission. During the mission prime phase, 
the instrumental characterization task is turned into a semi-autonomous process. 
However, degradation and other changes of the instrument require continuous 
monitoring and alteration of algorithms and data processing software by cognizant 
teams. Th e Heliophysics Division has recognized these patterns and funds these 
activities in the MO&DA program. MO&DA funds for the mission teams undergo 
a regular competitive process, the Senior Review (see app. E), where the level of 
support is adjusted according to the anticipated scientifi c productivity and mission 
maintenance requirements.

Th e Roadmap Team strongly endorses the MO&DA program that supports 
turning raw measurements into data products for use in the scientifi c community. It 
also endorses the continuation of eff ective utilization of calibrated data through com-
petitive grants in the GI program, the SR&T program, and the TR&T program that 
generate tangible scientifi c results from the rich data sets of the Heliophysics system.

Supporting Research Programs
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Data Centers
System-level observations and interpretation require new concepts for data 

manipulation and exploitation. Th ese changes are being driven by several factors. 
Information from a single spacecraft vantage point is being replaced by multispace-
craft distributed observatory methods, and adaptive mission architectures termed 
“Sensor Webs” that require computationally intensive analysis methods. Future 
explorers far from Earth will need real-time data assimilative technologies to predict 
space weather. Modeling will be an integral element of future mission data prod-
ucts. Other modeling eff orts will assimilate data collected by multiple missions into 
coherent visualizations of broader physical systems. Well-managed archives, virtual 
observatory systems, and the vigorous application of knowledge support tools are 
central to achieving the major Heliophysics science goals in the coming decades.

Some groundwork for these activities has begun; a confl uence of new technolo-
gies (internet, XML, and Web services, broadband networking, high-speed com-
putation, distributed grid computing, ontologies, and semantic representation) is 
dramatically changing the data landscape. Distributed data and computing resources 
are being linked together for a more rigorous approach in the verifi cation and vali-
dation of predictive models. 

Examples include the Columbia supercomputer, which uses 10,240 Intel 
Itanium-2 processors and provides an order of magnitude increase in NASA’s 
computing capability, and the VO programs, which will provide pattern and feature 
recognition to allow large datasets to be mined for events, particularly those detected 
by multiple platforms.

Th e VO program now includes several prototype heliophysics virtual observa-
tories listed at the side. As these and other virtual observatories come online, they 
will provide seamless access to all of the heliophysics mission data, essential for 
new cross-cutting discoveries that will open up the heliophysics frontier. Th e VMR 
also complements the existing large multidisciplinary modeling eff orts that are 
also essential for future cross-disciplinary advances. Organizations such as NASA’s 
CCMC, the NSF-funded Center for Integrated Space Weather Modeling (CISM), 
and the Center for Space Environment Modeling (CSEM) at the University of 
Michigan are producing integrated models, transitioning research tools into opera-
tional infrastructures, and building software frameworks that link models. 

Future progress will require a carefully designed systems architecture to provide 
the necessary synergism among robust data sets, state-of-the-art models and simula-
tions, high-data-rate sensors, and high-performance computing. Th e emerging link-
age of rich data sets, high-performance computing, models, and sensors will lead to 
even greater scientifi c understanding of how our the realm of heliophysics operates 
as a system and how we can enable a research-supported space weather capability.

Heliophysics Virtual 

Observatories currently 

supported:

Virtual Cosmic Ray 

Observatory (ViCRO)

Virtual Heliospheric 

Observatory (VHO)

Virtual Ionosphere, 

Thermosphere, Mesosphere 

Observatory (VITMO)

Virtual Magnetospheric 

Observatory (VMO)

Virtual Model 

Repository (VMR)

Virtual Radiation Belt 

Observatory (ViRBO)

Virtual Solar 

Observatory (VSO) 

Supporting Research Programs
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Theory and Modeling
Th eory and modeling forms a major part of our strategy for understanding the 

Heliophysics system. Th e advancement of knowledge and progress of transitioning 
science products to applied and operational environments are signifi cantly driven by 
new theories and enabled by newly created models. 

Heliophysics by its very nature must contend with a huge range of energy, 
spatial, and temporal scales in an interconnected large and very complex system. As 
observations lead to discoveries, a more detailed picture of the heliophysics system 
is painted with ever-increasing amounts of data. Th e role of theory and modeling is 
becoming more important: (1) Th e complex coupled heliophysics system can best, 
and perhaps only, be understood via theories that can be modeled and validated or 
constrained by observations, (2) future mission objectives are driven by the ques-
tions that theories pose and predictions that models make, and (3) the advanced 
mathematics used to understand the heliophysics system, such as coupled nonlinear 
equations, can be applied to other areas of science. 

A strong and robust theory program will enhance the value and planning for 
the priority science Targets recommended in this roadmap. Th e program should 
support theory and modeling teams of suffi  cient size and capability to enable 
signifi cant progress in Target science areas. Th e process of determining what aspect 
of heliophysics is to be investigated next requires a strong scientifi c rationale that 
comes from theories and models. 

Heliophysics provides a unique opportunity to advance incredibly diffi  cult 
predictive and modeling capabilities that can have far-reaching applications. Th is is 
because of the complex and coupled nature of heliophysics science, and the amaz-
ing detail of the observations made with a myriad of technologies and across a huge 
range of scales. Th is creates the unique opportunity to model heliophysics plasmas 
using very advanced mathematics that require cutting-edge processing techniques. 

Supporting Research Programs



69   Recommended Roadmap for Science and Technology 2009–2030

C
h

a
p

te
r 

3

DRAFT 04/21/09

Low-Cost Access to Space

The LCAS program, whose key elements are the sounding rocket and balloon 

programs, is an essential component of our research strategy. LCAS investigations 

make cutting-edge science discoveries using state-of-the-art instruments developed 

in a rapid turnaround environment. Like Explorer missions, LCAS investigations 

address important open science questions, thereby augmenting the science 

accomplished in the strategic line missions. These investigations, selected for the 

best science, serve three additional purposes that cannot be adequately addressed 

in other fl ight programs: the training of experimental space physicists and engineers, 

the development and fl ight verifi cation of new instrumentation and methods, and 

the investigation of coupling between the troposphere/stratosphere/magnetosphere 

with the ionosphere/thermosphere between 80 km and 200 km altitude. 
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The scientifi c relevance of the rocket program is illustrated in the following examples:

NASA’s fi rst “tailored” rocket trajectory revealed downward winds over an 
auroral arc, defying the usual presumption that Joule heating would drive neutral 
upwelling in the regions of arcs. Observed as the payload traversed a stable auroral 
arc, the results came as a complete surprise, suggesting upper atmosphere gravity 
waves dominate the physics of the interaction of aurora with the thermosphere.

In a remote launch campaign at Kwajalein Atoll near the equator, recent sound-
ing rockets provided the fi rst vertical profi les of the electrodynamics at the onset 
of equatorial “spread-F,” an ionospheric instability that generates a broad spectrum 
of irregularities that have profound space weather implications. Th e rockets also 
revealed the presence of bottomside waves that could be the sought-after “trigger” 
of the instability.

In the area of solar physics, the Extreme Ultraviolet Normal Incidence Spec-
trograph (EUNIS) sounding rocket observations provided unprecedented high 
temporal resolution results that challenge existing models of the corona. Probing 
the structure and dynamics of the inner solar corona with a cadence ~2 s allowed 
unprecedented studies of evolving and transient structures, including measurements 
of both upfl ows and downfl ows of up to 40 km/s in a coronal bright point at tem-
peratures in excess of 2 x 106 K, the highest temperatures recorded in such regions.

A high-altitude auroral zone experiment will be the fi rst attempt at a quantita-
tive investigation of the role of Alfvénic processes in particle acceleration. Alfvén 
waves have been implicated as a critical component of particle acceleration in space 
plasmas and as a mass source for the magnetosphere. 

Finally, another key feature of the sounding rocket program is its ability to 
carry out rocket fl ights under satellites to provide critical calibrations and correlative 
measurements. 

Th e second component of LCAS is that of balloon missions, which have an 
outstanding record of scientifi c discoveries. For example, the solar telescopes on the 
RHESSI Explorer mission used hard X-ray imaging spectroscopy, high-resolution 
nuclear gamma-ray line spectroscopy, and gamma-ray line fl are imaging to observe 
the surprising energy release process in solar fl ares in greater detail than ever before. 
Furthermore, independent balloon payloads using solar power and Iridium telem-
etry have been developed to measure relativistic electron precipitation (REP). Th is 
system will be used to characterize the REP losses in support of NASA’s Radiation 
Belt Storm Probe satellites in two campaigns, each of which consists of 20 payloads 
individually lasting at least 1-2 weeks each. 

Th e LCAS program provides important hands-on training for engineers and 
scientists needed by NASA and the Nation in the future. Th e program involves 
numerous undergraduate and graduate students from diverse institutions. Gradu-
ate students can participate in the entire life cycle of a scientifi c space mission, from 
design and construction to fl ight and data analysis—something no other fl ight 
program can do. Th e rocket program alone has resulted in more than 375 Ph.D.s. In 
addition, a rocket or balloon experiment off ers the chance for younger scientists to 
gain the project management skills necessary for more complex missions. Th e com-
bination of unique science, advanced instrument development, and training makes 
LCAS a critical path item for achieving NASA’s national space science goals.

Low-Cost Access to Space
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Innovation is the engine that drives scientifi c progress. The invention, development, 

and application of new technologies lead to new windows into nature’s works. 

Heliophysics is a lively fi eld that applies new technology and thus achieves the 

return of never-before-seen information. Heliophysics fosters a feedback loop 

between scientists specializing on data analysis, modeling, and instrument 

developers so as to uncover the missing links of the larger Heliophysics system 

picture. This systematic quest for discoveries leads to new interpretations and 

theories that make predictions. Predictions spark the need for testing, fueling the 

need for new, focused measurements and technologies. Predictions and forecasts 

can have immediate applications, adding to the scientifi c arsenal that deals with 

the variability in the solar terrestrial environment. 

Naturally, deeper understanding of the Heliophysical system emerges and so do 

applications that mitigate the effects of adverse space weather on society. 

To pursue a rigorous study of the Heliophysical system, we recommend rapid 

development and infusion of new, mission-enabling technologies. Many new 

technologies we require have a specifi c Heliophysics focus, but there are also 

mission-enabling technologies with cross-disciplinary character for which we 

recommend Heliophysics participation.

Heliophysics Technology: 
Th e ability to achieve the recommended science Targets and those of future 

missions beyond this roadmap timetable would be greatly enhanced with technol-
ogy developments in two key technology areas—instrument development and 
software development. Existing programs support instrument development as a 
subset of SR&T. Other parts of this program, along with the Heliophysics Th eory, 
LWS TR&T, and the Heliophysics GI program support software development for 
modeling the Heliophysics system. Th e LCAS, which includes balloon and sounding 
rocket investigations, also furthers instrument development, but serves only a part 
of the Heliophysics community. Th e technologies identifi ed below are deemed 
to provide the best return on investment with regard to addressing the prioritized 
science for strategic missions. Th e mapping indicates possible applications for new 
technologies in the priority science targets. However, technology development 
should remain open to new technology ideas that we can apply outside the strategic 
mission lines, such as the Explorer Program and Missions of Opportunity.

Develop Technologies to Enable Exploration 
and Discovery in Heliophysics
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Heliophysics Technology: Instrument Development
It is recommended that increased investment in instrument development and 

related technologies be made through the SR&T and LCAS program elements. 
Key areas that would potentially benefi t missions in development and the science 
Targets prioritized in this roadmap would include improving detectors in function-
ality, components, and design. Desirable improvements would include, but are not 
limited to the following: 

STP 

#4

STP 

#5

STP 

#6

STP 

#7

LWS 

#3

LWS 

#4

LWS 

#5

LWS 

#6

LWS 

#7

LWS 

#8

LWS 

#9

Rapid application of new technologies with 
reduced noise and insensitivity to heat and 
radiation for missions approaching the Sun 

• • •
Improved sensitivity to UV and EUV for solar 
and auroral remote sensing (LWS #7, #9), but 
also solar blind/UV blind ENA sensors for 
magnetosphere and heliosphere imaging 

• • •

Adaptability of geometric factor, fast pulse-height 
analysis and radiation hardness to increase 
operability during radiation events or in radiation 
belts

• • • • • • •

Improved in situ particle optics with larger 
apertures and/or improved identifi cation for in situ 
composition analysis

• • • • • • • •
Larger array CMOS detectors for increased spatial 
resolution and sensitivity to short-wavelength 
remote sensing

• • • • • •
Increased spectral resolution systems and 
lifetimes for IR, FUV, and EUV for solar and 
planetary upper atmosphere spectroscopy

• • • • •
Improved polarization measurements, more 
effective IR detector cooling devices, higher 
refl ectivity mirrors, and diffraction-limited optics 
for EUV for space climate and solar remote 
sensing

• • • •

Cross-Discipline Technology That Enable Future Mission Concepts
Several unresolved but high-priority science questions cannot be reasonably 

addressed with currently existing technology or resources. Th is drives the associated 
science missions beyond the recommended science queue. Before progress can be 
made, investments in critical technologies must be made that enable those missions 
to become feasible. Th is investment should be made in the near term in order that 
the technology can mature to the point that the associated science missions are 
enabled in a timely fashion. Example technologies are listed below:

•  In-space propulsion—solar sails, stable solar electric propulsion for 
reaching and maintaining vantage points in space.

•  Improved power sources for near-Sun and deep-space missions.

•  Radioisotope supply for near-Sun or deep-space power generation.

•  High-rate, long-distance optical communications for increased data 
rate of deep space or fl eet missions.

Technology Development
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New technologies that should be rapidly employed by Heliophysics, but also 
would equally benefi t the other SMD science divisions include, e.g., onboard data 
compression, fault-tolerant computing, miniaturized electronics and power supplies, 
low-power sensors, and application-specifi c integrated circuits. Th e common thread 
of these technologies is that they help the Agency accommodating the best possible 
scientifi c sensor solutions on upcoming missions. Th us, it is imperative that Helio-
physics does not fall behind in applying them.

Th e Heliophysics Division is not able to alone shoulder a number of major 
developments that have immediate applications across NASA’s Science Divisions, 
other NASA Directorates, or other national agencies.

•  Low-cost launch platforms and spacecraft busses.

•  Lightweight structures and nanotube technology.

•  Replacement for a Delta II launch capability.

Cross-Discipline Technology: Advanced Information Technology 
We look forward to a continuing exponential growth in science data resources 

returned from our space missions. Th is explosion, in terms of volume, complex-
ity, and multiplicity of sources will call for new and innovative analysis paradigms 
to transform that data into knowledge and understanding. Advances in computer 
science and technology aff ord vital opportunities to deal with this challenging new 
environment and enhance science productivity. It is recommended that increased 
investments be made in the area of Heliophysics informatics to include:

•  Computational methods and algorithms for multidimensional data analysis 
and visualization.

•  Numerical laboratories for modeling and simulating physical processes 
and eff ects.

•  “Science Discovery Infrastructure” consisting of robust tool sets for mining 
huge volumes of multidimensional data from all observatories and models, 
and extracting and cataloging features and events.

•  Onboard science autonomy for sensor webs drawing from Heliophysics 
observatories.

Technology Development
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Chapter 4
PRIORITY SCIENCE TARGET DESCRIPTIONS

In recent years the nature of scientifi c research in general has been evolving 

toward a greater emphasis on multidisciplinary research. For Heliophysics, we are 

on the cusp of a signifi cant shift toward an integrated framework of understanding 

of the Heliophysics system. System science invites and encourages exploratory data 

analysis, looking for unexpected linkages that are beyond what one might hypoth-

esize in advance. At the same time continued detailed scientifi c research in the Car-

tesian sense is absolutely required to deepen our understanding of the fundamental 

physical processes.

Both detailed in-depth and inductive approaches to science are foundational 

to the Heliophysics strategy. Th e fi rst is evident in the structure of the science 

fl owdown leading to science targets designed to reveal the fundamental workings 

of the system. Th e incorporation of new Target missions into the Heliophysics 

System Observatory and the synthesis and modeling provided by the Supporting 

Research Program elements enables comprehension of the whole.

Th is Chapter provides science background for the highest priority science 

Targets introduced in Chapter 3 and the vision of the heliophysics discipline for the 

future. A science queue is presented that illustrates the anticipated launch dates of 

the STP, LWS and Explorer missions, including the missions addressing the highest 

priority science targets. Chosen to breakthrough present blockages in our knowl-

edge, their eventual impact will be a signifi cant advance of understanding. Th ey are 

an element of the full program of exploration, observation, theory, modeling and 

simulation which are critical for the development of our knowledge of the past and 

for extending what is learned to deal with the present and predict the future. 
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Science Prioritization and the Science Queue
For the fi rst time, we recommend a new, fl exible Heliophysics research strategy 

based on prioritized science objectives. Th e science queue consists of science Targets 
that at this point in their development do not have fi xed point designs as their 
implementation strategies. Th ese priority science targets should at a later date be 
implemented through resources of the strategic mission lines in Heliophysics.

By evaluating both the science and implementation factors, the Roadmap team 
has associated the highest priority science Targets with cost categories i.e., light, 
small, medium, and large and placed them into a science queue in either the Solar 
Terrestrial Probes or the Living with a Star mission lines consistent with the goals of 
each mission line and the science objective. Th e timing of the projects was based on 
the required launch frequency and the FY09 Presidents budget with a1.0% infl a-
tion beyond the 5-year horizon of the budget. Besides the Science Queue, the team 
identifi ed one high-priority science target for a potential International Partnership, 
and identifi ed other existing International Partnership opportunities. All science 
targets are described in this chapter to the extent that the Science Queue warrants, 
i.e. without prescribing implementation or procurement requirements.

Th e graphic indicates launch dates for strategic and Explorer missions as pres-
ently understood. Th e missions in development (grey boxes) and the new science 
Targets (purple boxes) are marked with a colored dot indicating the mission cost 
class. Th e boxes are centered on the launch date. Th e bottom panel lists potential 
international and intra-NASA partnership opportunities.
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SOLAR-C (JAXA)

ORBITALS (CSA)

Cross-Scale/Scope (ESA/JAXA)

Interstellar Probe

Nominal

Light: <$250M

Small: $250M–$500M

Medium: $500M–$750M

Large: $750M–$1B

Cost Definitions for Missions:

Per NPR 7120.5 D

Color indicates NASA contribution
not reflected in roadmap budgeting—
would require additional resources

Potential International Partnerships

JUNO

Mars Atmosphere and 
Volatile EvolutioN (MAVEN)

Mars Science Laboratory 
(MSL)

Lunar Reconnaissance 
Orbiter (LRO)

Lunar Atmosphere and 
Dust Environment Explorer 
(LADEE)

Intra-NASA Partnerships

No contribution of funds anticipated

LWS #2

SET
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Solar Terrestrial Probes Science Queue

Origin of Near- 
Earth Plasma: 
Understand the origin 
and transport of 
terrestrial plasma 
from the ionosphere 
to the magnetosphere 
and solar wind

Solar Energetic 
Particle Acceleration 
and Transport: 
Understand how and 
where solar eruptions 
accelerate energetic 
particles that reach 
the Earth

Ion-Neutral 
Coupling in the 
Atmosphere: 
Understand how 
neutral winds 
tropospheric 
conditions affect 
ionospheric variability

Living With a Star Science Queue
Climate Impacts of 
Space Radiation: 
Understand our 
atmosphere’s climatic 
response to auroral, 
radiation belt, and 
solar energetic 
particles

Dynamic Geo-
space Coupling: 
Understand the 
energy, mass, and 
momentum transfer 
within the coupled 
ionosphere-
magnetosphere 
system

Heliospheric 
Magnetics:
Understand the flow 
and dynamics of 
transient magnetic 
structures from the 
solar interior to Earth

STP #5

ONEP

LWS #7

CISR

LWS #8

DGC

STP #4
MMS

LWS #1
SDO

IBEX

LWS #3
RBSP

STP #6

SEPAT

STP #7

INCA

LWS #6
Solar

Probe+

LWS #5
Solar

Orbiter

LWS #9

HMag

SMEX
#12

SMEX
#13

Timeline for Future Explorers Still to be Determined

Recommended Science Queue
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Origins of Near-Earth Plasma (ONEP)

Science Mission Objectives

Determine the dissipation processes that heat ionospheric plasmas and the 
coupling processes that aff ect planetary ionospheric scale heights.

Science Rationale Summary

Th e STP #5 science Target ONEP follows from the Fundamental Processes 
Investigation: How are planetary thermal plasmas accelerated and transported? It 
is also related to the Societal Relevance Investigation: How do the magnetosphere 
and the ionosphere-thermosphere systems interact with each other? Understanding 
planetary plasma acceleration and transport processes is fundamental in determining 
how planetary ionospheres can contribute to magnetospheric plasma populations. 
Additionally, some of the ionospheric plasma can ultimately escape into the solar 
wind. Loss of ionospheric plasma also results in atmospheric loss, since the iono-
sphere is created through ionization of the neutral atmosphere. In addition, plasma 
of ionospheric origin often consists of heavier ions, such as atomic oxygen ions. 
Th e increased mass density can change the characteristics of the magnetospheric 
plasma, aff ecting processes such as reconnection.

To assess how ionospheric plasma is distributed throughout the magnetosphere 
requires knowledge of how the ions are energized as they escape from the Earth’s 
gravitational potential well. Oxygen ions, for example, must be accelerated and 
heated to energies much higher than typical ionospheric temperatures to escape, 
whereas protons can escape relatively easily. At the same time, since the heavier ions 
tend to have lower velocities, they are more likely to be aff ected by other processes 
such as convection, and the fi nal disposition of these ions requires detailed knowl-
edge of their energy distribution as they leave the ionosphere.

Th e fundamental process of planetary ion outfl ow has particularly important 
implications for life on Earth, not only in the study of atmospheric loss, but also 
in the understanding of geomagnetic storms, their magnitude, and duration. We 
must better understand the nonlinear processes and feedback that enhance or mod-
erate electrical currents in the magnetosphere to predict storm strength and sub-
sequent societal eff ects. Ionospheric plasma is a major contributor to the plasma 
pressure and currents throughout the magnetosphere during these storms. Because 
the magnitude of ion outfl ow is related to the storm strength, but also contributes to 
the storm strength, the interchange of mass and energy between the ionosphere and 
magnetosphere constitutes the largest nonlinear system in geospace.

Example questions that could 

be answered with this science 

Target are: 

•  What are the sources of energy that 

drive ionospheric outfl ows?

•   How are these energy sources 

partitioned as a function of altitude 

and location, e.g., the auroral oval 

versus the dayside cusp?

•  Where do the different energy 

sources deposit their energy?

•  How does the neutral atmosphere 

respond to the energy deposition?

•  Does variability in winds, etc., within 

the neutral atmosphere affect the 

ionospheric response to the energy 

sources?

•   To what degree do feedback and 

saturation processes control the 

outfl ow of plasma?

•  What feedback is there on the 

magnetospheric drivers of the 

outfl ows?

STP #5 



79   Recommended Roadmap for Science and Technology 2009–2030

C
h

a
p

te
r 

4

DRAFT 04/21/09

Mapping to RFA, Decadal Challenges, and Decadal Missions

Th is investigation primarily addresses research focus areas F2 and F3, which are 
(F2) to understand the plasma processes that accelerate and transport particles and 
(F3) to understand the ion-neutral interactions that couple planetary ionospheres 
to their upper atmospheres and solar and stellar winds to the ambient neutrals.

Measurements

• Ion and neutral composition - thermal energies
•  Ion and neutral fl ow velocities
• Ion energy and pitch angle distribution - up to 20 keV
•  Electron energy and pitch angle distribution - up to 20 keV
•  Magnetic fi elds DC - 1 kHz
•  Electric fi elds DC - 1kHz
•  Plasma density, electron temperature

Note that this is not a prioritized or complete list.

Enhancing Technologies

Technology investments that are likely to enhance the science return of this 
mission include:

•  Low mass/power neutral mass spectrometers.
•  Spacecraft potential control for measurement of low-energy ions.
•  Enhanced ion measurement capabilities for energies <10 eV.
•  Spectrographic imaging telescopes for imaging upwelling ion distributions.

Note that this is not a prioritized or complete list.

Enhancing Premission R&A Focus Areas 

•  Multifl uid MHD, incorporating mass outfl ows.
•  Dynamic magnetosphere-ionosphere-thermosphere coupling 

models, including wave, collisional, and particle heating.

Ionospheric plasma outfl ows as imaged by the 

IMAGE spacecraft (Fuselier et al., JGR, 2007)
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This science Target is primarily 

relevant to Decadal Survey 

Challenges numbers 3–5:

Challenge 3: Understanding the 

space environments of Earth and 

other solar system bodies and their 

dynamical response to external and 

internal infl uences.

Challenge 4: Understanding the 

basic physical principles manifest 

in processes observed in solar and 

space plasmas. 

Challenge 5: Developing a near-

real-time predictive capability for 

understanding and quantifying 

the impact on human activities of 

dynamical processes at the Sun, 

in the interplanetary medium, and 

in Earth’s magnetosphere and 

ionosphere.

This science will address 
components of Decadal Survey 
moderate missions #9: Stereo 
Magnetospheric Imager and #5.
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Solar Energetic Particle Acceleration and Transport

Science Mission Objective

To understand how and where solar eruptions accelerate energetic particles that 
reach Earth.

Science Rationale Summary 

Th e STP #6 science target derives from Priority Investigation #2 and #12: 
“How are charged particles accelerated and transported?” and “How do solar wind 
disturbances propagate and evolve through the solar system?” Th ese general ques-
tions can be investigated in many places within the solar system and many were 
considered. Several important science questions derive from these general questions, 
and some are being investigated by STEREO, ACE, Wind, SOHO, Hinode, and 
RHESSI, while others will be addressed by SDO. MSL, LRO, MMS, Solar Probe+, 
and RBSP will also provide insight to the general question of particle acceleration 
and/or transport, but the highest priority science question remaining open was the 
acceleration due to solar eruptions. Relevance is found in all three of the Objec-
tives for the Division, as well as acute interest and urgency to the Agency’s goal of 
protecting human and robotic explorers.

Example questions that could 

be answered with this science 

Target are: 

•  How do solar energetic particles 

reach a wide range of heliospheric 

longitudes and latitudes and what 

are the time scales involved?

•  How does the distribution of 

energetic particles evolve in the 

heliosphere in terms of anisotropy 

and three-dimensional distribution 

for electrons, various elements, 

and charge states?

•  What are the physical mechanism 

and importance of diffusive shock 

acceleration?

•  Where are particles accelerated

in and released from solar fl ares?

•  What are the roles of waves, 

turbulence, and electric fi elds 

for particle acceleration?

(SEPAT)
STP #6 

A superposition of a RHESSI image of gamma-ray and x-ray emissions 

(contours) with the TRACE satellite extreme UV image (green, negative 

color table) taken 90 minutes later of the July 23, 2002, solar fl are. The 

superposition clearly shows the large separation between the high-energy 

emissions. Solar physicists expected to see x rays and gamma rays emerg-

ing from the same spots at the base of the fl are loops. Apparently, the 

Sun’s magnetic processes are able to separate the electrons from the ions, 

sorting them either by mass or electric charge, as they blast them to almost 

the speed of light. The gamma rays seem to be coming from the feet of the 

large magnetic fi eld loops, while the x rays come from the feet of the small 

magnetic loops nested inside the larger ones.
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Mapping to RFA, Decadal Challenges, and Decadal Missions

Although relevant across the Objectives, this science target primarily addresses 
the research focus area F2 and, in turn, prepares for solving challenges in J2 and J3. 
F2 targets our understanding of the plasma processes that accelerate and transport 
particles; J2 urges the development of the capability to predict the origin, onset, and 
level of solar activity in order to identify potentially hazardous space weather events 
and safe intervals, and J3 demands the development of the capability to predict the 
propagation and evolution of solar disturbances to enable safe travel for human and 
robotic explorers. 

Measurements

Measurements over a range of spatial and temporal scales could include:
•  Energetic Particle Intensity, Anisotropy, Composition, and Charge State.
•  Solar Radio Observations.
•  Solar Wind and Interplanetary Magnetic Field. 
•  Coronal Soft X-ray Imaging/Timing.

Note that this is not a prioritized or complete list.

Enhancing Technologies

Th e technology investments that are likely to enhance the science return of this 
investigation include:

•  Rapid application of new technologies with reduced noise and insensitivity 
to heat and radiation for missions approaching the Sun. 

•  Adaptability of geometric factor, fast pulse-height analysis and radiation 
hardness to increase operability during radiation events or in radiation belts.

•  Improved in situ particle optics with larger apertures and/or improved 
identifi cation for in situ composition analysis.

•  Larger-array CMOS detectors for increased sensitivity to short-wavelength 
remote sensing.

•  More eff ective IR detector cooling devices for solar remote sensing.
Note that this is not a prioritized or complete list. 

Enhancing Premission R&A Focus Areas

Particle transport modeling in the active region/corona/heliosphere system; 
readdressing particle event analysis measured simultaneously at widely separated 
spacecraft in the inner heliosphere (e.g., Helios).

This science Target is primarily 

relevant to Decadal Survey 

Challenges numbers 1, 2, and 4, 

and would build a foundation for 5: 

Challenge 1: Understanding the 

structure and dynamics of the Sun’s 

interior, the generation of solar 

magnetic fi elds, the origin of the solar 

cycle, the causes of solar activity, and 

the structure and dynamics of the 

corona.

Challenge 2: Understanding 

heliospheric structure, the distribution 

of magnetic fi elds and matter 

throughout the solar system, and the 

interaction of the solar atmosphere 

with the local interstellar medium.

Challenge 4: Understanding the 

basic physical principles manifest 

in processes observed in solar and 

space plasmas. 

Challenge 5: Developing a near-

real-time predictive capability for 

understanding and quantifying 

the impact on human activities of 

dynamical processes at the Sun, 

in the interplanetary medium, and 

in Earth’s magnetosphere and 

ionosphere.

This science Target will address 
components of Decadal 
Survey moderate mission (#4) 
Multispacecraft Heliospheric Mission 
and (#8) Solar Wind Sentinels.

Slice through a 3-D simulation of particle 

transport in the inner heliosphere. The image 

shows the distribution of 4 MeV protons 24 

hours after injection from a point source on 

the Sun. Image courtesy of W. Droege, J. 

Kartavykh, G.A. Kovaltsov, and B. Klecker.
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Ion-Neutral Coupling in the Atmosphere (INCA)

Science Mission Objective

To understand variability in the terrestrial wind dynamo and ionosphere.

Science Rationale Summary 

Th e STP #7 science target INCA derives from the Priority Investigation under 
Fundamental Processes: What governs the coupling of neutral and ionized species? 
Th is general question can be investigated in many places within the solar system 
and many were considered to address this fundamental process. Several impor-
tant science questions derive from this general question, some of which are being 
investigated by planetary missions and the solar mission Hinode and others will 
be addressed by SDO. Th e highest priority science question remaining open was 
the study of the interaction in the weakly ionized plasma of the Earth’s atmosphere/
ionosphere system. Better understanding of neutral and ionized species under the 
conditions we fi nd in the ionosphere is applicable to planetary atmospheres, the solar 
photosphere, and even in the theory of accretion discs in astrophysical systems. But 
what is it about the atmosphere/ionosphere system that we do not understand that 
prevents us from a clear understanding of its variability? 

We know that important sources of energy that drive the upper atmosphere 
and ionosphere are externally imposed such as solar EUV, and solar energy imparted 
to the atmosphere through the solar wind and the magnetosphere during magnetic 
storms. We have until now not had a good understanding of the dynamics of the 
system. Th is lack of knowledge has been recently underscored by observations that 
clearly show that dynamical disturbances generated in the troposphere modify the 
wind structure in the upper atmosphere and signifi cantly aff ect the properties of 
both the atmosphere and the ionosphere.

Example questions that could 

be answered with this science 

target are: 

•   What are the basic wind fi elds in 

the upper atmosphere, especially in 

the transition region from a mixed 

to a diffusive regime in the lower 

thermosphere?

•   How do large-scale processes in 

the lower and middle atmosphere 

control and infl uence the upper 

atmosphere and ionosphere?

•   What is the relative importance of 

coupling due to large-scale waves, 

wind-driven electrodynamics, 

composition, and temperature 

changes in the neutral 

atmosphere?

•   What causes the spatial and 

temporal variability of the 

ionosphere and what is the role 

of the electric fi eld?

•   What is the relationship between 

winds, electric fi elds, composition, 

and temperature in understanding 

the fl ow of plasma in the 

ionosphere, especially during 

magnetic storms?

Model result showing winds 

and realtime GPS measure-

ments of TEC (total electron 

content). Assimilation of 

GPS transects to form global 

knowledge of the ionosphere is 

now regularly performed, while 

no such assimilation is currently 

possible due to the total lack 

of measurements. Thus the 

science of ion-neutral coupling 

in geospace is lacking a key 

component of the system.

STP #7 
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Mapping to RFA, Decadal Challenges, and Decadal Missions

Th is investigation primarily addresses research focus areas F3 and H2, which 
are (F3) to understand the role of plasma and neutral interactions in nonlinear cou-
pling of regions throughout the solar system and (H2) to understand changes in the 
Earth’s magnetosphere, ionosphere, and upper atmosphere to enable specifi cation, 
prediction, and mitigation of their eff ects.

Measurements

Measurements over a range of spatial and temporal scales could include
•  IT winds and temperatures.
•  Altitude profi les of neutral and ion properties.
•  Lower atmospheric waves.
•  DC E fi elds and ion drifts.
•  Knowledge of E-fi eld with neutral wind. 
•  Knowledge of neutral winds with ion density.
•  Gravity waves in the middle atmosphere.
•  Range of spatial and temporal scales 

Note that this is not a prioritized or complete list.

Enhancing Technologies

Th e technology investments that are likely to enhance the science return of this 
investigation include:

•  Improved sensitivity to UV and EUV for solar and auroral remote sensing.
•  Improved in situ particle optics with larger apertures and/or improved 

identifi cation for in situ composition analysis.
•  Larger array CMOS detectors for increased spatial resolution and sensitivity 

to short-wavelength remote sensing.
•  Increased spectral resolution systems and lifetimes for IR, FUV, and EUV 

for solar and planetary upper atmosphere spectroscopy.
•  Improved polarization measurements, more eff ective IR detector cooling 

devices, higher refl ectivity mirrors, and diff raction-limited optics for EUV 
for space climate and solar remote sensing.

Note that this is not a prioritized or complete list.

Enhancing Premission R&A Focus Areas

Additional knowledge concerning the properties of upper atmospheric winds 
would enhance the design and implementation of INCA. Research should include 
additional measurements of the winds using rocket-based investigations in LCAS. 
Modeling and theory is also needed to help us understand the large-scale structure 
of the wind system.

This science target is primarily 

relevant to Decadal Survey 

Challenges numbers 2–4:

Challenge 2: Understanding 

Heliospheric structure, the distribution 

of magnetic fi elds and matter 

throughout the solar system, and the 

interaction of the solar atmosphere 

with the local interstellar medium.

Challenge 3: Understanding the 

space environments of Earth and 

other solar system bodies and their 

dynamical response to external and 

internal infl uences. 

Challenge 4: Understanding the 

basic physical principles manifest 

in processes observed in solar and 

space plasmas.

This science investigation will 
address components of Decadal 
Survey moderate mission #5: GEC 
and part of moderate mission #2: 
ITSP of the Geospace Network.
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Climate Impacts of Space Radiation (CISR)

Science Mission Objective

To understand our atmosphere’s response to auroral, radiation belt, and solar 
energetic particles, and the associated eff ects on nitric oxide and ozone. 

Science Rationale Summary 

Th e LWS #7 science target Climate Impacts of Space Radiation (CISR) derives 
from Priority Investigation #18 under Societal Relevance: How do long-term 
variations in solar energy output aff ect Earth’s climate? Th e solar UV radiation and 
total solar irradiance side of the question is being addressed by the SORCE/EOS, 
TIMED, and SDO missions. Th e solar cycle and secular changes in the middle 
atmosphere, thermosphere, and ionosphere are being addressed by the TIMED and 
AIM missions. Th e remaining highest priority science question is the atmospheric 
response to energetic particles. 

Th e upper and middle atmosphere are important for climate change studies 
both as an active participant in modulating climate and as a sensitive (and thus 
early) indicator of possible changes already underway. Most of these eff ects are due 
to anthropogenic changes in atmospheric composition, but solar infl uences become 
progressively more important with increasing altitude. Understanding the infl u-
ence of energetic particle fl uxes into the upper atmosphere is motivated especially 
by their infl uence on ozone chemistry. Th ere is a dramatic natural variability in 
the production and transport of nitric oxide (NO) above 100 km in response to 
particle precipitation during magnetic storms. Th is contributes to the odd-nitrogen 
balance of the mesosphere as the NO is transported downward during the winter 
polar night, which contributes to the catalytic destruction of mesospheric ozone. 
Higher-energy particles such as from the radiation belts can penetrate directly into 
the mesosphere, and during intense solar energetic particle events, ionization, and 
creation of odd-nitrogen can occur even in the stratosphere. Th ese processes have 
been observed for some events, but there is no systematic understanding of whether 
the indirect transport mechanism is as important as direct in situ ionization. Th e 
global scale climate impacts of the production and transport of these reactive species 
also remains unknown. 

Example questions that could 

be answered with this science 

target are: 

•  What is relative importance of 

auroral, radiation belt, and solar 

energetic particle processes for 

the generation of reactive chemicals 

and ozone destruction in the 

middle atmosphere?

•  How large are ozone depletions 

during solar energetic particle 

events?

 •  What are the global transport 

processes for reactive species?

•  What is the response of 

mesospheric and thermospheric 

state variables to reactive species 

concentration and distribution? 

LWS #7 

Direct and indirect impact of energetic particles 

on odd-nitrogen and ozone destruction in the 

middle atmosphere.
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Mapping to RFA, Decadal Challenges, and Decadal Missions

Th is science target primarily addresses research focus area H3 to understand the 
role of the Sun and its variability in driving change in the Earth’s atmosphere and is 
closely linked to Priority Investigations #6 and #15: How do coupled middle and 
upper atmospheres respond to external drivers and to each other and what are the 
roles of mass and energy fl ows in the behavior of planetary environments? 

Measurements

Measurements over a range of spatial and temporal scales could include 
•  High-energy particle inputs to the upper atmosphere.
•  Auroral particle inputs to the upper atmosphere.
•  Reactive chemical distribution, including ozone and various odd-nitrogen 

compounds.
•  Upper- and middle-atmosphere temperature profi les.
•  Upper- and middle-atmosphere neutral winds.

Note that this is not a prioritized or complete list.

Enhancing Technologies

Th e technology investments that are likely to enhance the science return of this 
investigation include:

•  Improved sensitivity of UV detectors for auroral remote sensing.
•  Large-array CMOS detectors for increased spatial resolution and sensitivity 

to short-wavelength remote sensing.
•  Improved in situ particle detectors with larger apertures and/or improved 

identifi cation for in situ composition analysis.
•  Increased spectral resolution systems and lifetimes for IR instruments for 

solar and planetary upper atmosphere spectroscopy.
•  Effi  cient IR detector cooling devices.
•  Reliable and stable doppler interferometry for wind measurements.

Note that this is not a prioritized or complete list.

Enhancing Premission R&A Focus Areas

Improvement of coupled models of mesosphere and lower thermosphere chem-
istry and dynamics prior to this investigation will greatly enhance the focus of the 
investigation and enable greater advancement of knowledge of the climate implica-
tions of solar variability.

Direct and indirect impact of energetic particles 

on odd-nitrogen and ozone destruction in the 

middle atmosphere.

Global measurement of NO density at 105 km 

altitude following a geomagnetic storm.

This science target is primarily 

relevant to Decadal Survey 

Challenge number 3:

Challenge 3: Understanding the 

space environments of Earth and 

other solar system bodies and their 

dynamical response to external and 

internal infl uences. 

This science investigation will 
address some components of 
Decadal Survey moderate mission 
#5: GEC, and part of moderate 
mission #2: ITSP of the Geospace 
Network.
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Dynamic Geospace Coupling (DGC)

Science Mission Objective 

To understand how magnetospheric dynamics provides energy into the coupled
ionosphere-magnetosphere system.

Science Rationale Summary

Th e LWS #8 science Target DGC derives from the Societal Relevant Science 
Investigation: How do the magnetosphere and the ionosphere systems interact 
with each other? And the fundamental questions related to plasma processes that 
determine how energy and momentum from the solar wind propagate downward 
through geospace to Earth. Understanding the dominant plasma acceleration and 
transport processes operative in the Earth’s geospace region also has more general 
applicability. Particle acceleration and particle transport are two of the most funda-
mental processes in the plasma universe occurring in essentially every region of the 
heliosphere from the Sun to the heliopause, in the solar wind, in planetary magne-
tospheres and ionospheres, in cometary tails, and many others. Th e same processes 
that have been discovered by Heliophysics missions form a foundation for under-
standing astrophysical systems. 

Th e question that specifi cally motivates science target LWS #8 is how mass 
and energy fl ow in magnetosphere-ionosphere systems determine and control their 
coupled behavior. It is in the magnetosphere-ionosphere system where the basic 
physical processes of particle acceleration and transport have the most direct impact 
on human activity through space weather impacts on satellite operations, through 
disruption of electromagnetic signals passing through the ionosphere, and through 
dramatic reconfi gurations of the electrodynamic currents that connect the Earth 
to the heliosphere through the ionosphere and magnetosphere. Th e DGC science 
Target (LWS #8) was specifi cally formulated to understand how particle acceleration 
and transport couple the magnetosphere to the ionosphere through the fl ow of mass 
and energy.

Th e next step in answering these questions will be achieved through simultane-
ous measurement of the dynamics of the ionospheric and magnetospheric auroral 
regions. Magnetospheric dynamics can be understood through in situ measurements 
across spatial scales characteristic of global circulation while ionospheric dynamics 
can be remotely probed through auroral imaging. Th e aurorae are much more than a 
passive response to the deposition of energy into the ionosphere by magnetospheric 
particles and currents. Auroral acceleration and heating change both ionospheric 
and magnetospheric currents as well as provide ionospheric plasma to the magneto-
sphere. Th e nature of these processes, their linked responses to solar wind driving, 
and the interrelationships between diff erent regions are the key to understanding 
dynamic geospace coupling.

Example questions that could 

be answered with this science 

target are: 

•  How do magnetospheric particle 

and fi eld signatures relate to visible/

UV auroral forms? 

•  To what extent are auroral forms 

conjugate? 

•  What magnetospheric parameters 

control the degree of conjugacy? 

•  What do nonconjugate auroral 

forms tell us about the ionospheric 

control of magnetosphere-

ionosphere coupling? 

•  How does magnetosphere-

ionosphere coupling control particle 

outfl ow from the auroral regions? 

•  What are the source of currents that 

couple the magnetosphere 

and ionosphere? 

•  What is the energy input from the 

magnetosphere to the ionosphere 

through precipitating particles? 

•  To what extent do the ionosphere 

and magnetosphere “drive” the 

dynamics of the other region?

LWS #8 
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Mapping to RFA, Decadal Challenges, and Decadal Missions 

Th is science target primarily falls under research focus areas H2 to understand 
changes in the Earth’s magnetosphere, ionosphere, and upper atmosphere to enable 
specifi cation, prediction, and mitigation of their eff ects and F2 to understand the 
plasma processes that accelerate and transport particles.

Measurements 

To understand coupling between the ionosphere and magnetosphere systems 
it is necessary to make measurements of the dynamics of both. Magnetospheric 
dynamics are best measured by probes at multiple locations within the system 
separated spatially on scales that are characteristic of global circulation. Th is implies 
in situ measurements of plasma, energetic particles, electric, and magnetic fi elds at 
points separated by distances of RE. While ionospheric dynamics can be studied 
in detail by in situ measurements, another valuable tool is remote sensing through 
auroral imaging. Global imaging provides systemwide context while high spatial 
and temporal resolution imaging of more limited regions probe detailed coupling. 
Simultaneous, conjugate imaging provides critical information on how ionospheric 
conditions diff er in the two hemispheres and what those diff erences can tell us about 
magnetospheric coupling—in particular, the fl ow of particles and currents between 
diff erent parts of the system.

Enhancing Technologies 

Th e technology investments that are likely to enhance the science return of this 
science target include: high spatial and temporal auroral imaging in the EUV/FUV 
wavelengths, electric fi eld instruments with lower spacecraft impact than current 
systems, low-resource plasma and energetic particle measurements with ion compo-
sition, innovative systems to neutralize spacecraft potential, and technologies and 
processes to reduce cost and risk in multispacecraft missions.

Enhancing Premission R&A Focus Areas 

Th e science return from missions fulfi lling science target LWS #8 could be 
signifi cantly enhanced through advance R&A of data collected from simultaneous 
measurements of magnetospheric dynamics and auroral processes. Th eory and 
modeling of global electrodynamics, the eff ects of particle precipitation, and 
expectations for auroral conjugacy would also provide high value.

 

This science target is primarily 

relevant to Decadal Survey 

Challenges numbers 3, 4, and 5:

Challenge 3: Understanding the 

space environments of Earth and 

other solar system bodies and their 

dynamical response to external 

and internal infl uences.

Challenge 4: Understanding the 

basic physical principals manifest 

in processes observed in solar 

and space plasmas.

Challenge 5: Developing a near- 

real-time predictive capability for 

understanding and quantifying 

the impact on human activities of 

dynamical processes at the Sun, 

in the interplanetary medium, and 

in Earth’s magnetosphere and 

ionosphere.

Evolution of the aurora during the 

July 15, 2000, Bastille Day magnetic 

storm. 1423UT–1512UT
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Heliospheric Magnetics (HMag)

Science Mission Objective

To understand the fl ow and dynamics of transient magnetic structures from 
the solar interior to Earth.

Science Rationale Summary

Th e LWS #9 science Target derives from two Societal Relevance Investigations: 
What are the precursors to solar disturbances? and What is the magnetic structure of 
the Sun-heliosphere system? Th e ultimate goal is to obtain a physical understanding 
of the evolution of heliospheric magnetic fi elds, from their origin deep within the 
Sun near the tachocline, through subsurface motions of magnetic fi elds before they 
appear in the photosphere as sunspots, and into the corona and interplanetary space. 
After an eruption has occurred, the path of ejecta through the heliosphere is then 
controlled by the interaction of the large-scale magnetic fi elds that shape interplan-
etary space. Several important science questions derive from this general question, 
and some are being investigated by the solar missions SOHO and STEREO, while 
others will be addressed by SDO. Solar Orbiter and Solar Probe+ will also provide 
insight to the general question, but the highest priority science question remaining 
open was connecting the magnetic fi eld from the solar interior to Earth. Relevance 
is found in all three of the Objectives for the Division, as well as acute interest to the 
Agency’s goal of protecting human and robotic explorers.

Th e causes and eff ects of transient solar activity are a main focus on the path 
to identifying the precursors and impacts of major solar eruptions. Th e solar tacho-
cline and convection zone are the origins of strong dynamo magnetic fi elds. Detailed 
understanding of magnetic fi eld formation and transport to the visible solar surface is 
crucial for the identifi cation of triggers of sudden solar activity. Trigger mechanisms 
may then be linked with the propagation and evolution of existing plasma and fi elds 
in the solar corona and inner heliosphere. Th e synthesis of these elements leads to 
better physics-based models of space weather. A systematic approach is needed, one 
that combines the physics of the solar interior with the evolution of the inner helio-
sphere, ideally from a location that permits observations of the Sun-Earth line.

Example questions that could 

be answered with this science 

target are the following: 

•  Are there precursors to new active 

regions and CMEs observable 

beneath the solar surface?

•  Are there precursors of solar activity 

in the surface magnetic and fl ow 

fi elds?

•  What is the magnetic fi eld structure 

of the heliosphere?

A composite image of the Sun that depicts the 

range of a system-level approach to under-

standing the connection between plasma in the 

solar interior and the corona, in this case high-

lighting SOHO’s scientifi c research. The interior 

image from MDI illustrates the rivers of plasma 

discovered fl owing under the Sun’s surface. The 

surface image was taken with the EUV Imaging 

Telescope (EIT) at 304 Å. Both were superim-

posed on a Large Angle Spectroscopic Coro-

nograph (LASCO) C2 image, which blocks the 

Sun so that it can view the corona in visible. The 

image suggests the range of SOHO’s research 

from the solar interior, to the surface and corona, 

and out to the solar wind.

LWS #9 
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Mapping to RFA, Decadal Challenges, and Decadal Missions

Although it is relevant across the Objectives, this investigation primarily 
addresses research focus areas F4 and H3, which are (F4) understand the creation 
and variability of magnetic dynamos (H3) Develop the capability to predict the 
propagation and evolution of solar disturbances.

Measurements

Measurements over a range of spatial and temporal scales should include:
•  Helioseimology and vector magnetic fi eld.
•  Heliospheric imager. 
•  Coronal X ray imaging and spectroscopy.
•  In situ solar wind plasma and magnetic fi eld measurements.
•  Energetic particle instruments.

Note that this is not a prioritized or complete list.

Enhancing Technologies

Th e technology investments that are likely to enhance the science return of this 
investigation include:

•  In-space propulsion to maintain the spacecraft at the L-5 Lagrangian point 
trailing the Earth by 60 degrees. 

•  Enhanced telemetry compression and a high bandwidth telemetry solution 
for large data volumes required by helioseismology.

Note that this is not a prioritized or complete list.

Enhancing Premission R&A Focus Areas

•  Obtaining improved inversions of solar vector magnetic fi eld measurements 
in the corona.

•  Development of improved energetic particle propagation models that take 
into account the detailed structure of the helioshperic magnetic fi eld.

•  Development of dynamic solar-chromosphere-corona models giving the 
detailed interconnection between heliospheric magnetic fi elds and solar-
magnetic reconfi guration.

•  Development of dynamo models with surface fi eld boundary conditions 
with solar wind and open magnetic fi eld.

This science Target is primarily 

relevant to Decadal Survey 

Challenges numbers 1, 4, and 5:

Challenge 1: Understanding the 

structure and dynamics of the Sun’s 

interior, the generation of solar 

magnetic fi elds, the origin of the 

solar cycle, the causes of solar 

activity, and the structure and 

dynamics of the corona.

Challenge 4: Understanding the 

basic physical principals manifest 

in processes observed in solar 

and space plasmas.

Challenge 5: Developing a near- 

real-time predictive capability for 

understanding and quantifying 

the impact on human activities 

of dynamical processes at the 

Sun, in the interplanetary medium, 

and in Earth’s magnetosphere 

and ionosphere

This science investigation will 
address components of Decadal 
Survey large mission (#1) Solar 
Probe, moderate mission (#8) 
Solar Wind Sentinels, and small 
mission (#4) Solar Orbiter. It will 
also complement and extend 
Solar Dynamics Observatory.

Image of a CME from STEREO-A’/

SECCHI’s Heliospheric Imager taken 

on November 5th 2007
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Heliophysics began with a revolution: at the dawn of the space age, rockets became 
available that allowed us to journey directly into the new and uncharted realms of Earth’s 
upper atmosphere, the magnetosphere, and the solar wind, and to place observatories 
into space to discover how the Sun controls these space environments. We discovered 
the regions and boundaries that separate and protect Earth from the harsh conditions 
in the solar wind unleashed by the Sun’s violent outbursts of magnetic and particle 
energy. We discovered new forms of radiation that were trapped in the magnetic fi elds 
surrounding our home in space. Heliophysics was thus born in a pioneering era of 
explosive discovery at the dawn of the space age.

As our fi eld advanced, we realized that we were uncovering a new realm of physics in 
which matter is organized by magnetic as opposed to gravitational fi elds. We were able 
to study this regime in our cosmic backyard (within the solar system) and apply the 
newly discovered physics of magnetically organized matter throughout the cosmos. We 
discovered energetic particles and cosmic rays and investigated their source regions 
and theorized on the cause of galactic and extragalactic cosmic rays. We discovered 
the sources of magnetic fi elds within our Sun and are applying our models of the solar 
dynamo to understand the formation and evolution of other stars. We discovered 
that the Sun’s million-degree corona is the source of the supersonic solar wind which 
carves out the boundaries that surround our entire solar system and protect it from the 
harsh radiation of the local interstellar medium. We discovered plasma processes in 
the outermost reaches of our atmosphere that inform studies of planetary and strongly 
magnetized plasmas throughout the universe.

We also came to realize that the system was highly complex over large and small scales, 
from lengths of astronomical units down to the gyration of a single electron. The long 
range connections between the Sun and the Earth still contain unsolved mysteries due 
to unidentifi ed processes or complex interdependencies that have yet to be discovered. 
This complexity means that different components of the system are intertwined, 
complicating the study of isolated parts. The observational datasets we use are no longer 
artifi cially quarantined into scientifi c subdisciplines. Processes observed in one part of 
the system are used to correlate to and understand observations made elsewhere.

The Vision for the Future...
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The need for a broader and more inclusive approach leaves very little wiggle room 
for loosely conceived ideas. The physics of the system can be triangulated. Holes in 
understanding can be identifi ed and often tracked back to missing information on 
small spatial or temporal scales, or a lack of understanding in the governing physical 
organization. Models of the system are increasingly forced to be global, and if they 
exclude a physical process, often miss the mark on key observed quantities. The 
challenge we face is to continue to build upon our understanding of the system as an 
integrated whole.

In the continued advancement of heliophysics, we aspire to develop models that can be 
used to predict the space environment. Having entered the digital age, we fi nd that our 
technological society is increasingly susceptible to the disturbances from the Sun and 
the particle radiation that impact Earth’s magnetic boundaries.

A host of interconnected physical processes, strongly infl uenced by solar variability, 
affect the geospace environment, the health and safety of travelers in space, and the 
habitability of environments on other worlds. Our expanding access to and reliance 
on space drives us to transform our exploration and discovery of the phenomena of 
heliophysics into predictive understanding of our home in space and the hazardous 
space weather to which it responds. Discovery of the fundamental processes that control 
our space environment relies on direct exploration and observation of these processes 
in action. Thus, we push the frontiers of heliophysics into new domains in our quest to 
explore, discover, and understand the interconnections through the hazardous space 
environment from the Sun to Earth, to the planets, and out to the boundaries of our 
solar system. As we chart the course of humanity and face mounting challenges to the 
technological development of society, we are forced with ever-greater urgency to learn 
to navigate the space environment, to discover the full extent of its infl uences over our 
planet and society, and understand its connections throughout the cosmos.
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One of the primary goals for NASA’s Heliophysics Division is captured in 

Objective H – Understand the Nature of our Home in Space. Th is will be 

accomplished by studying the Sun, the heliosphere, and planetary environments 

as elements of a single interconnected system, one that contains dynamic space 

weather and evolves in response to solar, planetary, and interstellar conditions. 

Focused research programs addressing specifi c space environmental hazards will help 

guide the design and operations of safe and productive missions. At the same time, 

we will pursue a deeper understanding of the fundamental physical processes that 

underlie the awesome phenomena of space. Such an understanding will represent 

not just a grand intellectual accomplishment for our times; it will also provide 

knowledge and predictive capabilities essential to future human and robotic 

exploration of space and will serve key societal objectives in important ways.

Th e payoff  in achieving this understanding will be predictions of how human 

society, technological systems, and the habitability of planets are aff ected by solar 

variability. Because it is a complex system, we tend to study individual “disciplines” 

or “components.” But the Nation’s eff orts to mitigate space weather eff ects have 

placed more urgency on the need to understand the Sun, heliosphere, geospace, and 

other planetary environments as a single connected system. We make advances by 

extending the necessarily sparsely-sampled measurements through modeling and 

theory to achieve system-wide understanding. In time, as the physics-based models 

mature from the domain of the researcher, they will be transitioned into operational 

settings where heliophysics becomes the applied science called “space weather,” 

which has real societal impacts.

Chapter 5
APPLICATIONS OF HELIOPHYSICS
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Space Weather Impacts on Society
As society becomes increasingly dependent on technologies that are aff ected 

by space weather, our vulnerabilities have become more obvious. A report issued 
in December 2008 by the Space Studies Board of the U.S. National Academies 
addresses the impacts of space weather events on human technologies. Th e report, 
“Severe space weather events—Understanding societal and economic impacts: A 
workshop report”, estimates that the economic cost of a severe geomagnetic storm 
could reach US $1–2 trillion during the fi rst year alone, with recovery times of 4–10 
years. Th ese long recovery times could result from severe damage to large power 
transformers and other hard-to-replace hardware. Such a scenario would result 
from a storm of the magnitude of one which occurred in September 1859 (Baker, 
“What Does Space Weather Cost Modern Societies?,” Space Weather, 7, S02003, 
doi:10.1029/2009SW000465, 2009).

Modern society depends heavily on a variety of technologies that are susceptible 
to the extremes of space weather—severe disturbances of the upper atmosphere and 
of the near-Earth space environment that are driven by the magnetic activity of the 
Sun. Strong electrical currents driven in the Earth’s surface during auroral events can 
disrupt and damage modern electric power grids and may contribute to the corro-
sion of oil and gas pipelines. Changes in the ionosphere during geomagnetic storms 
driven by magnetic activity of the Sun interfere with high-frequency radio commu-
nications and Global Positioning System navigation. During polar cap absorption 
events caused by solar protons, radio communications can be severely compromised 
for commercial airliners on trans-polar crossing routes. Exposure of spacecraft to 
energetic particles during solar energetic particle events and radiation belt enhance-
ments can cause temporary operational anomalies, damage critical electronics, 
degrade solar arrays, and blind optical systems such as imagers and star trackers used 
on commercial and government satellites. 

Cooperating Agencies and Organizations 
Beyond the science-driven activities in the Heliophysics Division, there are 

many other groups within NASA who have space weather interests and require-
ments. Th e goals and objectives of Heliophysics can directly trace ties to all three sci-
ence disciplines within NASA’s SMD. Th ere is for example an explicit strategic link 
to Earth science through our recommended LWS #7 science investigation of solar 
SEP induced changes in atmospheric chemistry. Ties to Astrophysics lie in funda-
mental plasma physics and the study of the Sun as a star through helioseismology. 
Th e same processes and phenomena that drive space weather in our solar system also 
shape environments throughout the universe. 

Heliophysics also has close ties to NASA’s Exploration Initiative, as well across 
NASA’s Mission Directorates, examples (in no priority order) include: Aeronautics, 
where Heliophysics characterizes the Earth’s radiation belt environment needed to 
design reliable electronic subsystems for use in air and space transportation systems. 
Exploration Systems relies on Heliophysics to defi ne the radiation and plasma envi-
ronment to enable exploration of interplanetary space by humans. And Heliophysics 
develops the knowledge needed to predict solar energetic particle events and surface 



95   Recommended Roadmap for Science and Technology 2009–2030

C
h

a
p

te
r 

5

DRAFT 04/21/09

charging environments that aff ect launch vehicles, spacecraft, and surface robotic 
explorers as well as the safety of humans for Exploration Systems and Space Flight.

Currently, protection of humans in space is an operational activity within the 
Space Operations Mission Directorate, which supports International Space Sta-
tion as well as space shuttle fl ights. Th e Space Radiation Analysis Group at Johnson 
Space Center is responsible for ensuring that the radiation exposure received by 
astronauts remains below established safety limits. 

Beyond NASA, but within the US government, inter-agency coordination 
in space weather activities has been formalized through the Committee on Space 
Weather, which is hosted by the Offi  ce of the Federal Coordinator for Meteorol-
ogy. Th is multi-agency organization is Co-Chaired by representatives from NASA, 
NOAA, DoD, and NSF, and functions as a steering group responsible for track-
ing the progress of the National Space Weather Program. External constituencies 
requesting and making use of new knowledge and data from NASA’s eff orts in 
Heliophysics include the Federal Aviation Administration (FAA), the Department 
of Defense (DoD), National Oceanic and Atmospheric Administration (NOAA). 

Partnerships with one or more other agencies may be the preferred method for 
satisfying the national need for observations from L1, measuring solar wind input 
into geospace. Presently this is accomplished with science satellites making avail-
able highly-compressed, relevant measurements in near real-time. Th is is one of the 
examples of inter-agency cooperation where “beacons” on NASA spacecraft have 
provided timely science data to space weather forecasters that is useful for predic-
tions. Successful examples include ACE measurements of interplanetary fi eld condi-
tions from L1; CME alerts arising from SOHO observations; and STEREO beacon 
images of the “backside” of the Sun. NASA’s Heliophysics Division is expected to 
continue providing this service where relevant.

Some of the commercial ventures impacted by space weather are shown below. 
Th e power industry has been aware of the vulnerability of the grid for many decades; 
and satellite manufacturers and operators take environmental risks into account dur-
ing the design phase as well as during fl ight operations. More recently space weather 
awareness has expanded into industries that include operators of trans-polar aviation 
routes, as well as precision positioning and navigation companies.

Real-Time 
Space 

Weather 
Data

Space
Environment 
Specifi cation

Satellite
Anomoly
Diagnosis

Navigation, 
Radar, 

Communication, 
Transmission 
Media Error 
Corrections

Spacecraft 
Subsystem
Technology

Transfer

Models 
of Space 

Processes 
for Use in 
Navigating 

and 
Forecasting

NASA CONSTITUENCIES

Satellite Operations Center •
Satellite Operations Directorate • • •
Exploration Systems Directorate • •
DSN/TDRSS/Other Communications • • •
EXTERNAL CONSTITUENCIES

NOAA/NWS • • •
FAA • •
DoD • • • •
Commercial Satellite Operators • • •
Power Industry • •
Communication Industry • • • •
Airline Industry • • •
Precision Navigation Industry • • •
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International Cooperation
In January 2002, the Interagency Consultative Group established the Interna-

tional Living With a Star (ILWS) program. Th e IACG consists of the heads of the 
space science programs of the European Space Agency (ESA), the Japan Aerospace 
Exploration Agency (JAXA), the National Aeronautics and Space Administration 
(NASA), and the Russian Aviation and Space Agency (RASA). Th e charter for ILWS 
is to “stimulate, strengthen, and coordinate space research to understand the govern-
ing processes of the connected Sun-Earth system as an integrated entity. More than 
20 contributing organizations are listed at http://ilws.gsfc.nasa.gov.

Th ere are also Heliophysics missions in the formulation stage where interna-
tional collaboration would be of signifi cant benefi t. A near-term example is Solar 
Orbiter in partnership with ESA.

Transition to Operations
Th e transition of scientifi c knowledge, usually incorporated in models and sim-

ulations, to organizations that could use the knowledge is often a serious challenge 
in space weather as in most fi elds. Th is interface between the scientifi c community 
and the operations community responsible for the operation of space systems, air 
transportation systems, and other operators is at the end of the line for the scientifi c 
investigator and upstream for the operators dealing with day-to-day issues. Hence, 
neither is well equipped to ease the transition. But it is clearly important to reap the 
investment in space missions and meet the goals in Objective Hs and J. 

Cross Disciplinary Science
In addition to the contribution of Heliophysics to the solution of practical 

problems described in previous paragraphs, the contribution to the intellectual 
pursuit of space science and other cross-disciplinary science is also important. Th e 
Heliophysics studies of plasmas apply to solar fl ares, storms in the Earth’s magne-
tosphere, and disruptions in laboratory fusion experiments. Th ese are examples 
of large-scale explosive events driven by the free energy of the magnetic fi eld. Th e 
process plays a key role in numerous astrophysical phenomena: star formation, 
solar fl ares, and intense aurorae, to name a few. On Earth, magnetic reconnection 
prevents the effi  cient production of electricity in controlled fusion reactors, potential 
sources of electricity for the future. 

Heliophysics must deal, by necessity, with a large, complex system that requires 
the collection and analysis of large multidimensional data sets extending over years 
of space exploration. Th e investigators are located across the globe and all need 
access to the results of space experiments and theory and modeling. Moreover, 
the very nature of understanding the large, complex coupled system that is Helio-
physics, requires advances in techniques to solve coupled, nonlinear mathematical 
equations. Th is problem is common to many research areas and is at the forefront of 
mathematics. Th us, the tools and techniques developed and being developed by this 
community provide a framework and an example for other disciplines faced with 
understanding complex phenomena.

Many operating Heliophysics 

missions have signifi cant 

international participation: 

•  Hinode partnership with Japan/

JAXA, ISAS, and PPARC. 

•  STEREO contributions from CNES, 

Switzerland, DLR, and PPARC, 

ESA, and Hungary. 

•  THEMIS contributions from Canada, 

CNES, DLR, and Austria. 

•  MMS contributions from recently 

selected international partners. 

•  AIM agreement with British 

Antarctic Survey, Australia. 

•  TWINS contributions from DLR. 

•  SOHO partnership with ESA. 

•  Geotail partnership with Japan/

JAXA. 

•  Cluster partnership with ESA. 
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The Moon is immersed in a plasma environment—the 

local cosmos—that is “magnetized.” It is threaded 

with magnetic fi elds that are often “frozen” into the 

plasma, a state of high electrical conductivity that 

effectively couples the motions of the plasma and the 

magnetic fi eld. This inherently strong coupling means 

that the structure and evolution of magnetic fi elds 

(of the Sun, of the Earth, and even of the Moon itself) 

play an essential role in organizing and regulating 

the local environment of the Moon—the environment 

to be experienced by our explorers. By working to 

understand, and so predict, the variations that occur from day to day, and from region to region, the productivity and 

overall success of future lunar robotic and manned missions can be signifi cantly enhanced. 

The most interesting challenge of the lunar plasma-fi eld environment is that it is alternately dominated by the extended, 

but variable, outer atmosphere (the “magnetosphere”) of the Earth and by the extended, but highly variable, atmosphere 

of the Sun (the “heliosphere”). The Moon spends nearly 20% of its orbital period immersed within the Earth’s 

magnetosphere, which offers some degree of shielding from heliospheric effects; the remaining time is spent exposed 

to the full effects of the Sun’s radiation and interplanetary fi elds. Thus, the lunar plasma environment offers unique 

opportunities to study a variety of fundamental plasma physics processes—processes that have application to many 

other objects throughout the rest of the Universe. 

The heliophysics science associated with the return to the Moon is relevant to RFA J4, “Understand and characterize 

the space weather effects on and within planetary environments to minimize risk in exploration activities,” and the 

Decadal Survey Challenge 4 to understand the basic physical principles manifest in processes observed in solar and 

space plasmas.

In February 2007, a group of approximately 20 experts on solar and space physics met as part of a workshop at the 

Fiesta Inn Resort conference facilities in Tempe, Arizona. At this workshop, sponsored by the NASA Advisory Council 

(NAC) and its Science Subcommittees, input from the scientifi c community regarding recommendations for science 

associated with the return to the Moon was presented, discussed, and distilled into a series of recommended scientifi c 

objectives, each with specifi c science goals and benefi ts, and implementation considerations. Those objectives are 

articulated in a report called “Heliophysics Science and the Moon” (NP-2007-07-80-MSFC, Pub 8-40716). In 2008, the 

NAC commissioned the Lunar Exploration Analysis Group (LEAG) to develop a priority list of science associated with 

the return to the Moon. The Moon report team and the Heliophysics Subcommittee assessed the science objectives 

of the Moon report by sorting them into one of four categories: Compelling science and should be done at the Moon, 

compelling science but better done elsewhere, interesting science and should be done at the Moon, and interesting 

science better done elsewhere. The science objectives that are evaluated to be compelling science and should be done 

at the Moon fell into three distinct areas of research: (1) Investigate plasmas near or on the lunar surface including 

interaction of plasma and dust grains, (2) observe radio emissions of solar fl ares and CMEs, and (3) characterize the 

radiation bombardment on the lunar surface. These three compelling science objectives are consistent with the priority 

investigations articulated in the roadmap. Achieving them will provide the foundational understanding of the “perilous 

ocean” which spacefaring spacecraft and crews must traverse in order to reach their destinations within the solar 

system.

(Note that objectives associated with investigating historical record of the Sun, solar wind, and the local interstellar 

medium using the lunar regolith were not considered in this evaluation. The planetary science community is assessing 

this area of research with a similar effort.) 
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For nearly 50 years, NASA’s journeys into air and space have developed human-

kind’s understanding of the universe around us, and the planet on which we live. 

Th ese accomplishments share a common genesis, education. Previous experience has 

shown us that implementing exciting and compelling NASA science missions are 

critical to inspiring the next generation of explorers and leaders. Th rough partner-

ships with the Agency’s mission directorates, other federal agencies, private indus-

try, scientifi c research, and education organizations, we leverage NASA’s unique 

resources to engage the public, inform teachers, and excite students. 

Chapter 6
EDUCATION AND PUBLIC OUTREACH
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The Science Mission Directorate (SMD) implements 
NASA’s three major education goals in coordination 
with the NASA Education Offi ce: 

•  Strengthen NASA and the Nation’s future workforce.

•  Attract and retain students in science, technology, 
engineering, and mathematics (STEM) disciplines.

•  Engage Americans in NASA’s programs.

SMD plays an essential role in NASA’s Strategic Education Framework to 
“inspire, engage, educate and employ.” Using programmatic tools and resources, 
SMD continues to build strategic Education and Public Outreach (E/PO) part-
nerships to enhance the Nation’s formal education system and contribute to the 
broad public understanding of science, technology, engineering, and mathematics 
(STEM). SMD’s E/PO programs share the results of our mission and research with 
wide audiences. In addition, E/PO programs promote inclusiveness and provide 
opportunities for minorities, students with disabilities, and minority universities, 
and other target groups to compete for and participate in science missions, research, 
and education programs. Th e combined emphasis on precollege and preworkforce 
education, diversity, and increasing the general public’s understanding and apprecia-
tion of STEM areas encompass all three major education goals.

NASA’s Strategic Education Framework emphasizes three main areas of E/PO: 
Formal Education, Informal Education, and Public Outreach.

•  Formal Education takes place primarily in the classroom setting involving 
smaller audiences, more contact time resulting in a deeper understanding 
of the material. Th is typically involves a formal curriculum with textbooks, 
teacher workshops, course work at the K–12, undergraduate, and graduate 
levels. 

•  Informal Education involves settings outside the classroom such as programs 
held at museums, libraries, or parks. Th ere is usually a much larger audience, 
less contact time with participants, and information is broader in scope 
and is aimed at more general audience.

•  Public Outreach events are unique opportunities for providing larger 
audiences with relatively new information that excite interest and stimulate 
curiosity. Eff orts tend to make the information accessible and relevant, 
and to reach out to people and relate it to their everyday lives.

FORMAL 
EDUCATION:
Heliophysics Summer School

Heliophysics, as a coherent 

intellectual discipline, is being 

taught for the fi rst time through 

a 3-year summer school series 

that started in 2007. The school 

focuses on select fundamental 

plasma-physical processes that 

are behind many aspects of space 

weather, including energetic 

particle generation and its effects, 

and addresses the climate systems 

formed by the solar dynamo and the 

Earth atmosphere.

The summer school has two 

principal aims: (1) to educate close 

to 100 students (selected through 

a competitive process) and two 

dozen teachers in Heliophysics 

as a coherent science through 

highly interactive seminars and 

hands-on working groups, and (2) 

to produce a series of textbooks 

from which Heliophysics may be 

taught in the future at universities 

around the world.

The summer school is sponsored 

by NASA and the University 

Corporation for Atmospheric 

Research Visiting Scientist 

Programs. The third Heliophysics 

Summer School will be held in 

Boulder, CO, July 22–29, 2009. 

For more information, see: 
http://www.vsp.ucar.edu/

HeliophysicsSummerSchool/
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While there are key diff erences between formal education, informal education,
and public outreach, substantial connections and overlaps exist. Th e ability to 
recognize these intersections and take advantage of the opportunities they provide 
is essential to maximizing the value of E/PO programs and activities.

Th e Heliophysics Division has made a remarkable impact through the commit-
ment of substantial funds for E/PO programs and activities over the last decade or 
more. E/PO is an important element of Heliophysics fl ight and research programs, 
and moving forward, we envision a more coherent and more integrated set of activi-
ties. Th is refl ects the evolution of heliophysical science to a system-wide approach 
of studying the Sun and its eff ects throughout the solar system. As a result, the 
Heliophysics community will continue to contribute to a broad public understand-
ing of the science and its relevance to society. Community participation is vital to 
the success of the Heliophysics E/PO program. 

Th e Heliophysics Division goal is to ensure a coordinated, balanced, and 
broad portfolio of activities in formal education, informal education, and public 
outreach through full and open competition. To achieve this goal, the Heliophysics 
E/PO program is currently being realigned to maximize limited E/PO funding and 
resources and to correspond with a new SMD E/PO approach.

Signifi cant opportunities exist to extend the impact of Heliophysics science and 
related mission activities to engage and inspire students in formal education settings, 
audiences at informal learning centers, and the general public across the Nation and 
the world via the press and other communication outlets. Th erefore, it is necessary 
to target four strategic communication objectives:

•  Seek opportunities to increase and maintain public awareness 
of Heliophysics science through activities, materials, and events.

•  Engage students and sustain their interest in Heliophysics-related 
STEM subjects.

•  Collaborate with and engage educators to enhance their knowledge 
of Heliophysics-related subjects and activities.

•  Build awareness among students, educators, and the public on the 
diverse range of career opportunities related to Heliophysics science 
and missions. 

INFORMAL 
EDUCATION:
NASA Family Science Night: 

Changing Perceptions One 

Family at a Time

Family Science Night is a monthly 

program for middle school students 

and their families. The program 

provides a venue for families to 

explore the importance of science 

and technology in their daily lives 

by engaging in learning activities 

that change their perception and 

understanding of science. Family 

Science Night strives to change the 

way that students and their families 

participate in science, within the 

program and beyond. 

The program consists of nine 

2-hour sessions held at the 

Goddard Space Flight Center 

(GSFC) Visitor Center during the 

school year from September 

through May. It covers a wide range 

of Heliophysics related topics: 

How Big? How Far? How Old? 

(size and scale of the universe), 

Have You Ever Seen the Invisible? 

(light and spectrum), ‘Tis the 

Seasons (seasons), and Batteries 

Not Included (solar power and 

engineering). 

The NASA Robert H. Goddard Award 

for Exceptional Achievement in 

Outreach was awarded to the NASA/

GSFC Family Science Night Team 

for their contribution to education 

and public outreach in the local 

community on September 10, 2008.

This program is a partnership 

between the Solar Dynamics 

Observatory, the Astrophysics 

Science Division, and the Rochester 

Institute of Technology Center for 

Imaging Science Insight Lab.

For more information, see: 
http://sdo.gsfc.nasa.gov/epo/

families/fsn.php



102   Heliophysics / Solar & Space Physics in a New Era

DRAFT 04/21/09

Establishing partnerships between Heliophysics missions and other success-
ful E/PO programs that utilize established infrastructures and leverage existing 
resources are essential to the development of a dynamic and eff ective E/PO program 
with national and international impact. Th rough these partnerships, Heliophysics 
E/PO can avoid duplicating eff orts, and ensure E/PO funds are invested for highest 
impact.

In the modern age, space exploration continues to thrill the public with new 
discoveries that help them build a better understanding of the Sun, near-Earth 
space, the solar system, and the universe. Heliophysics E/PO will continue to play 
a leading role as an innovator in the formal education arena (K–12 and postsecond-
ary), in museums and science centers, through high production-value fi lms and rich 
Web site environments, ensuring that a signifi cant fraction of the U.S. population 
retains its abiding fascination with space exploration and discovery.

PUBLIC
OUTREACH:
SunWorks Exhibit Blends 

Science and Art

SunWorks is an imaginative, diverse 

exhibit of art from artists of all 

ages and from all around the world 

whose themes feature the science 

of Heliophysics. The 24 pieces 

in the exhibit were selected from 

over 500 submissions to the SOHO 

SunWorks art contest that ran for 

10 months and ended in March 2006. 

The SunWorks exhibit has been 

displayed at over 14 venues in the 

United States since its opening 

at the United Nations in Vienna, 

Austria, in early 2007. The pieces 

include a 30-inch aluminum Sun, 

an exotic solar facemask, a Lego 

block sun, a stained glass piece, 

and a blown glass plate that looks 

amazingly Sun-like. The exhibit’s 

schedule has taken it to museums, 

universities, and libraries through 

Colorado and California to Florida, 

including the Kennedy Space 

Visitor’s Center, and it is still going 

strong. The show is sponsored 

by the International Heliophysical 

Year Education and Public 

Outreach Program and SOHO, an 

international mission of cooperation 

between NASA and the ESA. 

For more information, see: 
http://sohowww.nascom.nasa.gov/

sunworks/
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Appendix A—Prioritization Process

Science Prioritization Logic Flow

Link With Heliophysics Objectives

Fronteir, Home, Journey 
Research Focus Areas
Priority Investigations

Open Science Questions

Update: Identify Open Science Questions and Other Issues

Important questions not addressed by 
operating missions or missions in development

Use Community Input as Reference Missions. 

Establish Notional Implementations

Notional missions as placeholders for addressing research gaps

Evaluate and Prioritize Science Targets

Rank science targets with NPR 7120.5D mission 
cost categories based on scientific merit

Identify Launch Frequencies for Each Mission Size Category

Mission cost recommendations determined by weighing 
strategic guidance and science evaluation

Review Strategic Guidance

NRC Decadel Survey
Current Strategic NASA Documents

Assign Science Questions

Assign science questions to LWS and STP strategic lines

Establish Science Target Timelines for LWS and STP

Science queue in context of out-year budgets for Heliophysics mission lines

How Our New Process Establishes a Science Queue 
We recommend a new, fl exible Heliophysics research strategy with a science-

based launch queue. Th e science Targets in the queue do not have fi xed point 
designs as their implementation strategies. Th ey are simply the recommended 
science objectives for future missions. Th ese science Targets have been evaluated 
based on specifi c factors that determine their science value and associated cost. It 
is anticipated that this approach will help NASA select and fl y the best mission to 
meet the science objectives within cost. Th is process is not only a departure from 
former approaches listing a queue of mission designs, but it establishes a novel 

The Roadmap Team developed a new scientifi c 

prioritization process that starts out at overarch-

ing science goals and leads to a science queue. 

The science queue offers the fl exibility in imple-

mentation that is needed to ensure a robust 

science strategy for the future of Heliophysics.
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process created by the Roadmap Team that provides the Heliophysics Division with 
fl exibility that enables a more far-reaching, robust science program for the future. 

NRC and Agency Goals Guide Roadmap Strategy
Th e Roadmap’s science queue is founded on the NRC’s Decadal Survey, and on 

current NASA strategic objectives. At this time, the Decadal Survey recommenda-
tions already date back several (6) years and the predecessor Heliophysics Roadmap 
3 full years. New missions have become operational since, or now are under devel-
opment. New observations and discoveries have been made that have impact on 
the future directions of our science, and the theoretical foundations of Heliophysics 
have progressed. Th e proposed strategy has accounted for recent progress and has 
the fl exibility to accommodate future discoveries.

 
Science Update and Situational Awareness

We have reviewed and updated the Heliophysics Strategic Objectives and 
Research Focus Areas that link Heliophysics goals with the 2003 Decadal Survey 
Integrated Research Strategy and Decadal Challenges (Chapter 1). Chapter 2 sum-
marizes and highlights the major accomplishments. Other changes have occurred 
recently, namely the increase of launch costs and the loss of Delta II class of launch 
vehicles, that have been so important for Heliophysics science missions. 

Open Science Questions
Th e Heliophysics Division’s Strategic Objectives are parsed into three general 

areas: Open the Frontier to Space Environment Prediction (Frontier), Understand 
the Nature of our Home in Space (Home), and Safeguard the Journey of Explora-
tion (Journey). Four RFAs comprise each. From these fl ow Priority Investigations, a 
set of 18 more narrowly defi ned science topics. Th ese topics do not map directly to 
the RFAs, but are derived from the RFAs and the 2003 Decadal Survey Challenges. 
Th e Priority Investigations are further separated into those appropriate for funding 
through the STP mission line addressing fundamental processes, and the LWS mis-
sion line addressing science having societal impact.

Th e team’s analysis of past and recent progress resulted in a comprehensive list 
of currently OSQs that fall under each of the Priority Investigations. Operating 
missions and missions now in formulation or development are expected to address 
a subset of the OSQs as shown in Chapter 3. Th e remaining OSQs consititued the 
raw material of the prioritization process. 

Science Community Input
Th e science community has in large number attended and contributed to 

the 2008 Heliophysics Town Hall meeting, through the submission of mission 
implementation ideas addressing important Heliophysics problems. Th ese new 
implementation ideas, along with other implementation strategies of the Decadal 
Survey, missions published in the 2006 Heliophysics Roadmap, and those suggested 
by Roadmap Team members provided background for the Roadmap Team delib-
erations and served as examples of possible implementation concepts for science 
Targets, called reference missions. Reference missions were identifi ed with a cost 
category and their implementation readiness. Many of the reference missions have 
been identifi ed as addressing one or more questions in the list of OSQs.
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Evaluation and Prioritization of Science Investigations
Within the 18 Research Focus Targets, the Roadmap Team had the task of 

ranking investigations that address the OSQs within them. Th e scientifi c merit 
of an investigation is evaluated against fi ve criteria: 

•  Is the science compelling and urgent?
•  Does the science address vital national objectives?
•  Would the science transform the knowledge base?
•  Does the science have discovery potential? 
•  Does the science enable exploration? 

Th e implementation factor has been taken into account by analyzing one 
or more design reference missions as the technical solutions as they are currently 
known:

•  Technical Readiness and Feasibility.
•  Launcher Availability.
•  Development Cost Category.
•  Launch Cadence. 

Cost categories are consistent with the guidelines of the NASA Space Flight 
Program and Project Management Requirements, NPR 7120.5D, where the 
project life-cycle cost category covering $250M to $1B has been divided into three 
subcategories:

•  Light Missions (<$250M).
•  Small Missions (<$500M).
•  Medium Missions (<$750M).
•  Large Missions (<$1B).

Launch Cadence 
Th e frequency of new missions is critical to the development of our science 

objectives which encompass, fundamental processes and a study of interconnected 
physical processes over vast dimensions in both time and space. Th e resulting system 
science requires the conduct of investigations that assure progress across the broad 
frontier of key unresolved science questions. Th ese considerations have led us to 
recommend a launch frequency model of two to three missions per decade for each 
of the strategic mission lines STP and LWS, excluding Explorer and LCAS launches.

In a constrained budget scenario, the number of missions that can be launched 
within a period of time is determined by the size distribution of the missions. A 
large number of small missions per decade can be launched and operated almost 
simultaneously, but their scope and their applicability across the subdisciplines 
within Heliophysics would be very limited. Very few large missions can be launched, 
but these would operate in isolation if the launch cadence is small so that missions 
do not survive until the next large mission is being launched. Th ese principles dic-
tated the recommended launch queue and the cost boxes for the science Targets. 
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Establishing Science Queues for LWS and STP Strategic Lines
Th e Roadmap Team has combined the science and implementation evaluation 

factors to identify the six highest priority science targets in cost categories i.e., light, 
small, medium, and large, and placed them into a science queue in either the STP 
or the LWS funding lines consistent with the goals of each. Th e timing of the proj-
ects was based on the required launch frequency and the FY 2009 President’s budget 
with 1% infl ation rate per year beyond the 5-year horizon of the budget. Besides the 
Science Queue, the team identifi ed one high-priority science Target for a potential 
International Partnership, and identifi ed other existing International Partnership 
opportunities. All science Targets have been described to the extent that the Science 
Queue warrants, i.e., without prescribing an implementation (Chapters 3 and 4).
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Appendix B—Science Traceability Matrix

Th e scientifi c goals fl owing from the basic documents and the RFAs articulated 
in the 2006 Heliophyics Roadmap were the foundations for the development of this 
Roadmap. Discussions at the Community Workshop, review of recent progress in 
Heliophysics science, and other documents and inputs led to a restatement of the 
RFAs into 18 science investigations as discussed in Chapter 2 and contained in the 
blue headers in the spreadsheet in this appendix.

For each of the priority investigations, an analysis of the science needs led to a 
set of questions at the next level of detail shown as yellow entries in the spreadsheet. 
At the next level, of refi nement a set of science questions referred to as the criti-
cal open science questions were identifi ed and shown in white background in the 
spreadsheet.

For each of the Open Science Questions, an assessment was made of the degree 
to which they were being addressed by either operating missions in the HSO or 
expected to be addressed by missions in development.

Th e operating missions are identifi ed in the column labeled In Flight and sci-
ence questions to be covered by missions in development are identifi ed in the Devel-
opment column. A color code of light green means the science question is already 
part of the Heliophysics fl ight program. 

Many critical science questions remained unaddressed. Th ese were priori-
tized following Appendix A. Th e highest priority science targets are shown in 
column Next Priority. Six of these targets are recommended for implementation 
in this Roadmap and are colored pink in the spreadsheet. Other science questions 
still remain unaddressed and are candidates for future missions or perhaps will be 
addressed with Explorer and LCAS programs or partnerships shown in orange and 
purple, respectively.
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Science 
Investigations

Open Issues/Priority Objectives In Flight Development
Next

Priority
Future

What are the 
fundamental 

physical 
processes and 

topologies 
of magnetic 

reconnection?

What are the magnetic fi eld topologies for reconnection?

Quantify the characteristics of reconnection (i.e. scale 
sizes, geometries, candidate processes, locations, 
consequences, and frequencies of occurrence).

HSO

Discover the dynamics, scale size, and energy balance of 
distant magnetotail reconnection and turbulence processes

ARTEMIS

What are the fundamental physical processes of reconnection?

Inventory the mechanisms leading to reconnection on the 
Sun. Where are they located? Where are the acceleration 
regions?

Hinode

Understand the microphysics of magnetic reconnection by 
determining the kinetic processes responsible, especially 
how reconnection is initiated

MMS

Microphysics of reconnection at the Sun: Do the processes 
differ from those at Earth? What triggers fast reconnection 
in large fl ares?

Remaining to 
be addressed

How do the large-scale topologies of magnetic reconnection affect microphysical processes, 
and vice-versa?

Cross Scale
(Partnership 
Opportunity)

How are plasmas 
and charged 

particles heated 
and accelerated?

How are charged particles accelerated and decelerated?

Understand the mechanisms and importance of diffusive 
shock acceleration

HSO

Determine how particles are accelerated through magnetic 
reconfi guration

MMS

Catalogue the interaction of energetic particles with the 
moon and Mars

MSL, LRO

Understand the mechanisms and importance of stochastic 
acceleration

RBSP

Determine the importance of seed populations and how 
they are created

RBSP

How are energetic particles transported?

Connect the particles producing solar radio bursts back to 
the corona

RHESSI

How and where solar eruptions accelerate the energetic 
particles that reach Earth STP #6

What is the relative importance of different mechanisms in different environments?

Determine acceleration mechanisms for anomalous and 
galactic cosmic rays-

Voyager
IBEX

Determine acceleration mechanisms for energetic storm 
particles in Geospace

Remaining to 
be addressed

Determine the acceleration mechanisms for energetic 
particles in solar fl ares

Remaining to 
be addressed

Focus Investigations
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Science 
Investigations

Open Issues/Priority Objectives In Flight Development
Next

Priority
Future

How is the 
solar wind 

accelerated?

What are the sources of energy for solar wind acceleration?

Investigate the interaction between the Sun’s magnetic 
fi eld and the corona Hinode

Relative heating of electrons and ions and nonthermal 
signatures within the corona

ACE

Study processes that acccelerate the solar wind and 
generate coronal mass ejections

CPEXX

Reveal the dynamics of the solar chromosphere and 
transition region

IRIS

Measure gradients in energy density in the corona Remaining to 
be addressed

Where does solar wind acceleration occur?

Mechanisms of particle acceleration in the low corona 
and the interplanetary medium STEREO

Distinguish accelerating processes on the Sun SO

Distinguish accelerating processes near the Sun in situ SP+

What is the role of waves and dissipation in solar wind acceleration? 

Understand the energy dissipation modes that dominate 
heating

Remaining to 
be addressed

Determine the importance of small-scale magnetic 
reconnection

Remaining to 
be addressed

How are 
planetary 

thermal plasmas 
accelerated and 

transported?

How are thermal plasmas accelerated and transported by electromagnetic fi elds?

Determine role of induction fi elds and wave heating 
processes

THEMIS RBSP

What determines the composition of upwelling and escaping ionospheric plasma?   
 

Determine the drivers of energy deposition  Cluster

Determine thermal plasma composition ePOP

Determine the dissipation processes that heat ionospheric 
plasmas and the coupling processes that affect planetary 
ionosphere scale-heights

STP #5

Does the solar wind affect ionospheric plasma transport at planets such as Mercury, Venus, and Mars?

Determine how in situ ionization affects pick up of 
planetary exospheres, how the interplanetary magnetic 
fi eld transports ionospheric plasmas, and what 
mechanisms transfer momentum and energy between the 
solar wind and planetary ionospheres

Mars Scout
Future 

Planetary 
Missions

What governs 
the coupling 

of neutral and 
ionized species?

How are dynamo potentials produced in interaction of atmospheres and magnetized thermal plasmas?

Determine what ionospheric current systems are driven by 
I-T coupling in gas giants

JUNO

Variability in the terrestrial wind dynamo and ionosphere STP #7

Energization of terrestrial wnd dynamo and the dissipation 
of that energy

Remaining to 
be addressed

What are the consequences of the direct interaction of plasma with planetary, cometary, satellite, and solar atmospheres?

Varying Martian atmospheric erosion rates in magnetized 
regions

Mars Express

Solar wind IMF penetration into the Venus ionosphere 
and affects on mass loss

Venus 
Express

Pickup ionization rate at the Saturniun moons Cassini

Signatures of pickup ions in the solar corona SP+

How do neutral-ion coupling effects govern fundamental processes at the Sun?

Reconnection in the partially ionized chromosphere Hinode

First ionization potential fractionation in the low solar 
atmosphere

Remaining to 
be addressed



112   Heliophysics / Solar & Space Physics in a New Era

DRAFT 04/21/09

Science 
Investigations

Open Issues/Priority Objectives In Flight Development
Next

Priority
Future

How do coupled 
middle and upper 

atmospheres 
respond to 

external drivers 
and to each 

other?

 Determine the internal coupling processes within the ITM system and the mediation and control of energy and momentum 
transfer

Chemical pathways to radiation processes and global 
energy balance TIMED

Response to geomagnetic storms and solar variability TIMED

Neutral winds, disturbance dynamo and equatorial 
electrojet

STP #7

Understand the processes that couple the ITM system to the atmosphere and drive variability 

Understand the temperature and composition in the 
ionosphere including those induced by wave and tidal 
processes

GOLD

 Understand the global and local electrodynamics of the ITM system in response to geomagnetic dynamics 

Global characteristics and small-scale physics of plasma 
irregularities C/NOFS

Global energy characteristics of auroral precipitation Remaining to 
be addressed

Determine the atmospheric response to energetic particles, electromagnetic radiation, and chemical transport 

Solar spectral irradiance and variability TIMED
SOURCE

SDO

Atmospheric response to auroral, radiation belt, and SEPs 
and transport of reactive chemicals and the effect on 
ozone

Remaining to 
be addressed

How do planetary 
dynamos function 

and why do they 
vary so widely 

across the solar 
system

Earth CHAMP SWARM

Future Earth 
Science and 

Planetary 
Missions

Mars, Venus, Mercury Messenger Mars Scout

Gas Giants, astroids, plutoids Cassini Pluto, JUNO

What is the 
fundamental 

nature of the solar 
dynamo and how 

does it produce 
the solar cycle?

What is the nature of subsurface fl ows and the subsurface magnetic fi eld?

Relative importance of the two most important regions 
of dynamo action. Determine the cause of the active 
longitudes and asymmetric hemispheres

SOHO SDO

Properties of subsurface magnetic fi elds and 
characteristics of meridional fl ows

LWS #9

Determine the existence and nature of convective cells Remaining to 
be addressed

Measure the effects of differential rotation Remaining to 
be addressed

Can measurements of subsurface fl ows and magnetic fi elds result in understanding the solar activity cycle? Remaining to 
be addressed



113   Recommended Roadmap for Science and Technology 2009–2030

A
p

p
e

n
d

ix

DRAFT 04/21/09

Science 
Investigations

Open Issues/Priority Objectives In Flight Development
Next

Priority
Future

What is the 
composition 

of matter 
fundamental to 

the formation of 
habitable planets 

and life?

What is the composition of particles eminating from the Sun?

Solar energetic particle abundances and solar wind CNO 
charge-state separation

HSO

Inventory fractionation processes (e.g., FIP effect) SDO

Determine rare isotopic origins and abundances (3He) Remaining to 
be addressed

What is the composition of planetary magnetospheres and ionospheres?

Mercury, Venus, Mars, Uranus, Neptune, Ceres, 
Vesta encounter

HSO MSL

Pluto, Mercury Messenger, 
New 

Horizons

Bepi 
Colombo

What is the composition of material entering, and interacting with, our solar system? (e.g., interstellar medium, galactic and 
anomalous cosmic rays)

Measure and compare the composition of several samples 
of matter, including the solar corona, the solar wind, 
and other interplanetary particle populations, the local 
interstellar medium, and galactic matter

ACE

Determine the relationship of anomolous cosmic rays with 
the Kuiper belt

Voyager

Characterize interstellar dust that penetrate close to the 
Sun

Cassini, 
Stardust

SP+

Determine the composition of low-energy galactic cosmic 
rays, the local interstellar plasmas, and interstellar dust 
populations

Remaining to 
be addressed

What are the 
precursors 

to solar 
disturbances?

Are there precursors in the surface magnetic & fl ow fi elds?

Determine which surface fi eld confi gurations are most 
likely to fl are 
Temporal changes preceding large fl ares & fi lament 
eruptions

Hinode

Magnetic energy storage in the corona from photospheric 
fi eld extrapolations”

Hinode

Are there precursors observable beneath the solar surface?

Understand the causes and mechanisms of CME initiation 
and propagation SOHO

Observe how the Sun’s magnetic fi eld is generated and 
structured in its interior and how stored magnetic energy in 
the corona is released into the heliosphere

SDO

Are there precursors in the chromosphere and corona?

Magnetic energy storage in the corona from 
chromospheric, transition region or coronal fi eld 
measurements

Remaining to 
be addressed
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Science 
Investigations

Open Issues/Priority Objectives In Flight Development
Next

Priority
Future

What is the 
magnetic 

structure of the 
Sun-heliosphere 

system?

What is the morphology of the heliospheric magnetic fi eld?

Determine the origins of solar wind streams and the 
heliospheric magnetic fi eld

Heliophysics 
System 

Observatory
SDO SO

What is the relationship between closed and open fl ux?

Discover whether open fl ux can disconnect from the Sun in 
interplanetary space

Wind
STEREO

Determine whether open/closed regions map to distinctive 
structures on the Sun and how steady is the boundary 
between those regions

SP+
SO

How does magnetic variation propagate through the heliosphere? 

Understand the fl ow and dynamics of transient magnetic 
structures from the solar interior to Earth LWS #9

Discover how the global magnetic fi eld reverses and 
why there is a delay between photospheric, coronal, and 
interplanetary fi eld reversals

Remaining to 
be addressed

What is the role of the interstellar magnetic fi eld?

Determine the direction of the ISM fi eld and its infl uence on 
particle acceleration in the heliosheath

IBEX
Voyager

Determine the strength and infl uence of the interstellar 
magnetic fi eld on the shape of the termination shock and 
heliopause

Remaining to 
be addressed

 How do 
solar wind 

disturbances 
propagate and 
evolve through 

the solar system?

How do solar disturbances erupt and propagate 

Propagation path and evolution of CMEs to 1 AU, including 
how these conditions evolve through the solar cycle

Ace
Wind

Understand the physical processes controlling the heating 
of the solar corona, the acceleration of the solar wind, and 
the magnetic release of eruptive activity

Solar 
Probe +

Determine how coronal mass ejections evolve in the inner 
heliosphere

SO

Evolution of source conditions eruptions over the 3-D Sun 
and inner heliosphere

Remaining to 
be addressed

Impact of CMEs and other solar wind disturbances on the 
global heliosphere

Remaining to 
be addressed

How do solar disturbances create particle radiation hazards 

Investigate particle acceleration and energy release in solar 
fl ares RHESSI

Global structure of CMEs and other transients, and how 
they evolve

STEREO

Sources, acceleration mechanisms, and transport 
processes of solar energetic particles SO

Discover which magnetic and shock structures in the 
corona accelerate energetic electrons

Remaining to 
be addressed

How do the 
heliosphere and 

the interstellar 
medium interact?

What are the properties of the termination shock, heliopause, any bow shock, and the conditions of the local interstellar 
medium?  

Discover the properties of the termination shock Voyager

Map the global properties of the termination shock and 
heliosheath. IBEX

Discover the properties of the local interstellar medium, 
how it changes with time, and determine the implications 
for our solar system

Interstellar 
Probe

Determine whether the termination shock or heliosheath 
accelerates anomalous cosmic rays

Remaining to 
be addressed
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Science 
Investigations

Open Issues/Priority Objectives In Flight Development
Next

Priority
Future

How are mass 
and energy 

transferred from 
the heliosphere 

to a planetary 
magnetosphere?

What are the the relative contributions of processes which transfer particles and energy across magnetospheric boundaries

Mechanisms controlling the entry and transport of plasma 
into the magnetosphere Geotail

Three-dimensional studies of plasma structures at the bow 
shock, magnetopause, dayside cusp, magnetotail and 
solar wind

Cluster MMS

What is the global response of the magnetosphere and aurora to the solar wind

What controls mass and energy transfer at other magnetospheres. 

Perform initial survey of processes especially mass loading 
by planetary sputtering, Moons and Rings

Cassini
Messenger

JUNO
Bepi-Columbo

Impact of magnetosphere size, rotation rate, orientation 
and solar wind IMF on the transfer of mass and energy

Remaining to 
be addressed

What are the 
transport, 

acceleration, 
and loss 

processes 
that control 

the behavior 
of planetary 

magnetospheres?

Establish the global connectivities and causal relationships 
between processes in different regions of the Earth’s 
magnetosphere

TWINS

Determine the mass input and acceleration/loss processes that control the dynamics of the inner magnetosphere. 

Determine the major acceleration and loss process for the 
radiation belts.

RBSP
CSA-Orbitals
JAXA-REG

Determine local time and radial dependences of inner 
magnetosphere processes, including ring current 
formation/decay and plasmasphere dynamics

Remaining to 
be addressed

Determine the processes that control mass and energy storage, conversion and release in the magnetotail

Small-scale evolution and dynamics of plasmasheet 
structures, at ~19 RE

Cluster

Substorm initiation location THEMIS

Radial and longitudinal plasma sheet dynamics, small and 
large-scale

Remaining to 
be addressed

Role of ionospheric plasma in magnetotail dynamics/
spatial and temporal dependence

Remaining to 
be addressed

What are the processes that control the dynamics of the aurora?

Relate the aurora to magnetospheric drivers. THEMIS

Relationship of Alfven and electrostatic acceleration 
mechanisms and how they evolve

LWS #8

Characterize signatures of auroral types and identify 
acceleration regions and acceleration processes

Remaining to 
be addressed

Determine whether auroral conjugacy refl ects the magnetic 
confi guration of the Earth’s magnetosphere as it responds 
to external drivers

Remaining to 
be addressed

What is 
responsible for 

the dramatic 
variability of 

the Ionosphere-
Thermosphere-

Mesosphere 
region?

Discover the connections between spatial and temporal scales in the Ionosphere-Thermosphere system

Energy transfer, redistribution and radiative transport 
effects driven by minor constituent chemistry

AIM

Understand the global scale response of the Earth’s 
thermosphere and ionosphere GOLD

Multipoint low altitude in situ properties Remaining to 
be addressed

Determine the seasonal dynamics of the Ionosphere-Thermosphere system driven by lower atmosphere processes. 

Discover how winds and the composition of the upper 
atmosphere drive the electrical fi elds and chemical 
reactions that control the Earth’s ionosphere

NICE

Understand the electrodynamics that couple the magnetosphere and ionosphere-thermosphere. Remaining to 
be addressed
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Science 
Investigations

Open Issues/Priority Objectives In Flight Development
Next

Priority
Future

How do the 
magnetosphere 

and the 
ionosphere-

thermosphere 
systems interact 
with each other?

How does energy and momentum from the solar wind propagate downward through geospace to Earth? 

Magnetospheric storage and release of solar wind energy 
(SMC vs load/unload) 

THEMIS

Understand how magnetospheric dynamics provides 
energy into the coupled thermosphere-ionosphere-
magnetosphere system.

LWS #8

Interaction/competition of solar wind electric fi elds and 
internal magnetic fi elds

Remaining to 
be addressed

High speed solar wind streams effects on the I-T-M system 
magnetospheric, solar wind, solar radiation energy inputs 
into lower atmosphere and its response

Remaining to 
be addressed

How does energy, mass and momentum propagate upward through geospace? 

Lower-atmospheric forcing of ionosphere-thermosphere 
system

NICE

Poleward transport of ionospheric plasma energizing 
magnetic storms 

Remaining to 
be addressed

Temporal/spatial distribution of ion outfl ow Remaining to 
be addressed

Dependence of heating rates/outfl ow on scale size of 
magnetospheric input, solar fl ux 

Remaining to 
be addressed

How do long-
term variations 
in solar energy 

output affect 
Earth’s climate?

Measure the total solar irradiance and solar spectral irradiance as a function of wavelength and solar cycle

Solar Ultraviolet Spectral Variation and Total solar 
irradiance Variation SORCE GLORY

Solar X-ray and EUV Spectral Variation SOHO, 
TIMED

SDO

Quantify solar cycle and secular change in the middle atmosphere, thermosphere, and ionosphere

Response of mesosphere-lower thermosphere to solar 
cycle and global change   

TIMED

Determine why polar mesospheric clouds form and vary AIM

Determine the depth of penetration of solar variability 
effects through the middle atmosphere and how 
mechanisms of transmission of middle atmosphere 
variations transfer to the troposphere

Remaining to 
be addressed

Determine the atmospheric response to energetic particles, electromagnetic radiation, and chemical transport

Understand our atmosphere’s response to auroral, 
radiation belt, and solar energetic partilees, and the 
associated effects on ozone  

LWS #7

Understand whether the solar modulation of galactic cosmic rays affect cloud nucleation processes

Determine whether cloud nucleation processes are 
affected by GCRs and quantify the solar/secular changes 
in albedo, if any

Remaining to 
be addressed
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Appendix C—Cost Control Concepts 
and Recommendations

Th is Roadmap recommends that the science imperatives of Heliophysics be 
addressed with cost capped missions. To implement these missions in the time-frame 
of the roadmap and to meet the recommended launch frequency, the serious threat 
of cost growth must be mediated. Th is applies to missions presently in pre-phase A 
as well as any future missions. In recognition of the problems attendant with cost 
escalation, the Roadmap Team strongly recommends that the following prime cost 
drivers be addressed in the management and procurement of Heliophysics missions.

Procure what we plan, implement what we procure
•  Th e SMD AO process is used to procure science investigations, not build-

to-requirement instrumentation. Th us, this roadmap recommends a plan 
for priority science investigations, leaving the defi nition of specifi c mission 
architecture to the procurement process. In addition, the roadmap recom-
mends that the implementation of strategic missions, whether center-led or PI 
mission mode, adhere to the requirements and recommended architectures of 
the peer-reviewed, selected investigation.

Minimize the time interval between mission defi nition and implementation
•  Th e science queue approach described in this roadmap purposely postpones 

the defi nition of the mission architecture as long as possible to minimize 
requirements creep during the often long period between mission pre-formu-
lation and development.

Compete the architectures of new missions.
•  Th e Roadmap Team strongly recommends that the procurement of all stra-

tegic missions compete the mission architecture and design requirements at 
the time of the science investigation procurement. Mission implementation 
is then most responsive to the latest science innovations, technology break-
throughs, and budget/launcher cost-benefi t trades. Heliophysics has been suc-
cessful controlling costs on Explorer ProgramPrincipal Investigator missions. 
Strategic missions could be implemented likewise. Other models, for example 
competitive Science and Technology Defi nition Teams could be utilized. 

The Alternate Launch Vehicle Payload (ALP) delivery capability showing mass to 185 km orbit with a 

28.5° inclination as a function of launch vehicle
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Avoid the current disconnect between the technical design of a new mission car-
ried out at the Centers and the procurement of the science package carried out 
by HQ.

•  Th e introduction of competition in the defi nition of the mission would allow 
all elements of the mission including the fl ight and ground segments be 
defi ned and procured as a unit. Mission architectures are established at the 
outset consistent with expected funding.

Other implementation issues that have been identifi ed as signifi cant cost drivers 
•  Avoid early optimism in formulation that inevitably leads to over optimistic 

estimates of cost growth during implementation.
•  Invest suffi  cient time and money in Phase A/B for adequate systems engineer-

ing studies to more fully understand the requirements and risks.
•  Provide a stable and adequate budget profi le to avoid costly reprogramming 

and schedule delays.
•  Avoid requirements creep especially NASA-imposed changes in requirements 

(without a commensurate reduction in risk).
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Appendix D—Launch Vehicle Availability

Th e launch vehicle options for Heliophysics missions have been reduced over 
the recent years causing the implementation of many proposed missions to be no 
longer viable. Th e launch vehicle problem is punctuated by the phasing-out, for 
NASA use, of the Delta II launch vehicle line. Th e decision by DoD to transition 
to the Evolved Expendable Launch Vehicle (EELV) class vehicle has required NASA 
to bear the increased share of the infrastructure costs. Th is has made the Delta II 
unaff ordable for NASA. Th e Delta II launch vehicle was considered the workhorse 
in the stable of rockets for Heliophysics missions. Its capability, cost, and reliability 
matched many of the previous roadmap missions. 

Th e unavailability of the Delta II vehicle prompted an assessment of alternate 
launch providers. Th e conclusion is that launch capability has bifurcated. Th e 
options are either a launch vehicle with small capacity or the very large EELV class. 
Th e graphic below illustrates that the launch capabilities of available vehicles are 
either half the capacity or 2 to 3 times the capacity provided by the Delta II. 

Th e low capacity vehicles (Pegasus XL, Taurus, Minotaur) will meet the needs 
of a subset of Heliophysics missions. Specifi cally missions requiring low-Earth orbits 
or very small payloads in high-altitude orbits. Missions requiring a larger capacity 
will be very expensive because of the cost of the EELV.

Other options have been considered to address the limited access to space. 
1.  Co-Manifesting payloads with other missions requires signifi cant early plan-

ning. Th e risk of schedule delay or changing requirements has historically 
been a signifi cant impediment to this option.

2.  International partnerships have had success in the past and can be a viable 
option. However, signifi cant coordination and consistent long term commit-
ment is required by all agencies for success.

3.  New launch providers in the private sector are being developed. However, 
this has proven to be a diffi  cult undertaking, proving that access to space is 
not easy or inexpensive.

4.  Restrictions on use of DoD and foreign launch vehicles make those options 
diffi  cult to acquire (DoD) or not available for acquisition (foreign).

In conclusion, the current near-term launch options for future Heliophysics 
missions limit the mission capability and frequency of missions. Th e development 
of a reliable, low-cost launch option to fi ll the void left by the Delta II would be of 
tremendous benefi t in supporting the Heliophysics mission of understanding the 
integrated-coupled system.
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Appendix F—Mission Quad Charts

Heliophysics Town Hall 2008

Mission Concepts 

• Armada
• Coronal Magnetism, Plasma, 

and Activity Studies from Space
• Dynamics of the Global Ionosphere-

Th ermosphere System (DyGITS)
• Electrodynamics Observations with 

Numerous Satellites (EONS)
• Explorer of the Coupled Ionosphere 

Th ermosphere Electrodynamics (ExCITE)
• Fine-scale Advanced Coronal 

Transition-region Spectrograph (FACTS)
• Focusing Optics X-ray Solar Imager (FOXSI)
• FUV and EUV Imaging of the 

Th ermosphere and Ionosphere from GEO
• Gamma-Ray Imager/Polarimeter 

for Solar Flares (GRIPS)
• Geospace Electrodynamic Connections (GEC)
• Geospace Magnetospheric and Ionospheric 

Neutral Imager (GEMINI)
• Geospace Observer from Large Distance 

(GOLD)
• Global-scale Observations of the Limb 

and Disk (GOLD)
• Heliophysical Plasma Physics In Lunar 

Orbit (HILO)
• High-latitude Dynamic E-Field (HiDEF) 

Explorer
• Imaging Geospace Electrons Using 

Th omson Scattering
• In-situ Diagnostics of Universal Plasma Processes
• Interstellar Explorer - An Interstellar 

Precursor Mission

• IT Constellation
• Lunar Dust Observatory
• Lunar Surface Solar Origins Explorer 

(LunaSSOX)
• Magnetospheric Constellation (MagCon)
• Magnetospheric Sentinels
• Maneuverable Near-Space Platform
• Neutral Ion Coupling Explorer (NICE)
• Paired Ionosphere-Th emosphere Orbiters (PITO)
• PERSEUS - Investigating global heliospheric 

dynamics from L1
• Th e Profi le Mission
• Radio Observatory for Lunar Sortie Science 

(ROLSS)
• Reconnection and Microscale Mission
• Solar Activity Farside Investigation (SAFARI)
• Solar Imaging Radio Array (SIRA)
• Solar Magnetized Regions Tomograph (SMART)
• Solar-C Plan A
• Solar-C Plan B
• Solar Polar Imager (aka POLARIS)
• Space Weather Imaging Sentinel (SWIS)
• Stellar Imager (SI)
• Storm-Time Observations by Remote and 

In Situ Measurements (STORM)
• Th ermosphere Ionosphere Global and Regional 

Imaging in Space and Time (TIGRIST) 
• Th ermosphere Ionosphere Storm Observatory 

(TISO)
• Tropical Atmosphere/Ionosphere/

Th ermosphere (TRAIT) Coupler
• UV Spectro-Coronagraphic Observations of 

Solar Energetic Particle Related Phenomena
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Appendix G—Acronyms
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